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ABSTRACT 
 
 
Resource depletion, clean water shortages, and global climate change have led to 
environmental sustainability being of primary concern for both governmental and 
industrial practices. Current methods to address these challenges typically come as a 
double-edged sword, fixing one problem while contributing to another. As introduced in 
chapter one of this dissertation, adsorbent materials are seen as a promising alternative 
remediation system due to their low energy consumption and minimal chemical waste 
production. However, many traditional adsorbents, such as activated carbon, metal 
oxides, and resins, are hindered in practice. This is because they lack the structural 
tunability to have long-term effectiveness and/or specificity in application. Advanced 
materials can move beyond traditional adsorbents and are recognized for the vast number 
of molecular arrangements available to form extended porous structures. Materials in this 
realm include metal-organic frameworks (MOFs) and porous organic polymers (POPs), 
which have been successful in a variety of applications, with the focus of this work on 
resource recovery, water treatment, and air purification.  
Chapters two and three explore structural modifications to enhance POPs for the 
recovery of finite natural resources. Palladium and uranium were the analytes of choice 
due to their wide use in the industrial and energy sector, respectively. POPs were found 
to have high stability in aqueous solutions, rapid kinetic efficiency, and selective recovery 
of the targets even in solutions with diverse chemical compositions; all important metrics 
 viii 
for moving these adsorbents into practice. It was experimentally determined that 
performance could be greatly enhanced through variations of the binding site, highlighting 
the potential of such advanced materials.  
Chapters four and five detail work done to employ MOFs and POPs for water 
treatment applications with a focus on nuclear and industrial waste streams. The organic 
struts of a water-stable MOF, MIL-101, were functionalized with a high density of ion-
exchange sites for effective capture of the radionuclides, cesium and strontium. Isolation 
of such compounds is required to reduce the total volume of nuclear waste that must be 
stored permanently. More prevalent, however, are the numerous industrial processes that 
contribute to a large influx of toxic compounds in waste streams, which can seep into our 
water sources. Of these, mercury is a toxin of concern with environmental and human 
health implications. A stable POP functionalized with a thiol group (POP-SH) was found 
to have a high mercury uptake capacity with fast kinetics due to the strong interaction of 
multiple functional groups in close proximity. These results indicate the exceptional 
performance that can be achieved through a targeted approach to remove contaminants 
from water. 
Chapters five and six concentrate on air purification via capture of volatile 
contaminants, as well as the utilization of gases as a reactant for organic transformations. 
Due to the stability of the POP platform, POP-SH was able to remove mercury in the 
vapor phase, thus demonstrating its applicability in multiple stages of the mercury cycle. 
Furthermore, of overwhelming concern is the excess carbon dioxide in the environment, 
contributing to global climate change. Rather than traditional carbon capture and storage 
methods, using carbon dioxide for organic reactions can not only reduce the 
 ix 
concentration in air, but also upcycle it to produce industrially relevant compounds such 
as cyclic carbonates. Through the use of a MOF as a functional host, the cycloaddition of 
epoxides with carbon dioxide can be achieved with minimal energy input. This technique 
fully utilizes the structural components of a MOF with promising results. 
This work demonstrates the success of advanced adsorbent materials for a 
multitude of applications aimed at environmental sustainability, and how structural and 
chemical modifications contribute to their effectiveness. Through optimization of the 
material’s design for the proposed function, enhancements in performance can move 
such materials into large-scale applications. This strategy can not only ensure the 
prolonged health of our environment, but also be applied for further technological 
development of advanced materials. 
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CHAPTER ONE: 
INTRODUCTION 
 
1.1 Environmental Sustainability 
Society’s reliance on non-renewable resources has left a footprint on the Earth 
that, if not already irreparable, will take years to counterbalance. Our rapid technological 
growth has meant the rate at which resources are being used is quickly rising higher than 
the natural supply available. The consequences of our exploitation of finite resources are 
now at the forefront of research as we begin to appreciate the extent of our impact. Some 
areas of concern include, resource depletion, water security, and global climate change, 
all of which need to be addressed to guarantee a sustainable planet (Figure 1.1).1  
 
Figure 1.1 Strategies to enhance environmental sustainability. 
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1.1.1 Resource Recovery 
The recovery of valuable chemicals from waste streams is a promising strategy to 
counterbalance the effects from the overuse of resources.2 This approach has multiple 
benefits such as reducing the depletion of our natural ores while also offering a revenue-
generating system for typical water and air treatment facilities through the reuse and 
resale of these resources.3 Wastewater treatment plants typically have large amounts of 
phosphate,4 ammonia,5 and precious metals.6 Phosphate and ammonia could be 
selectively captured and sold as fertilizers in the agriculture industry.7 This method would 
have the largest impact for nitrogen recovery, reducing the need for the energy-intensive 
Haber-Bosch process, which is typically used to produce ammonia from nitrogen and 
hydrogen.8 Another aspect to consider is precious metal recovery, wherein the natural 
ores are limited and 90% of the United States supply must be imported. These metals are 
extremely important for many industrial applications such as in catalytic converters, 
electronics, and chemical industry as catalysts.9 The recycling of these elements would 
reduce the dependence on outside mining production.10 An additional source from which 
to recover valuable commodities is the ocean. Despite covering 71 percent of the Earth, 
the ocean is relatively untouched, with the potential to provide elements such as lithium 
and uranium, which can be used for batteries and nuclear fuel, respectively.11 Employing 
these strategies on a large-scale could completely change treatment plants and our 
dependence on mining. However, the uncertainty in how to do this effectively at a low 
cost has stalled progress in implementation, leaving a large window open for researchers 
to explore this field. 
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 1.1.2 Water Treatment 
Ensuring the availability of fresh water for our global population is of paramount 
concern, with the global supply of water remaining stagnant while the population is ever-
growing.12 Our agricultural and energy dependence reflects the importance of clean water 
to society, however, beyond this, almost three-quarters of a billion people live in 
conditions of severe water scarcity. Thus, unsafe drinking water conditions have resulted 
in millions of deaths annually.13 Because of this, securing this resource has become one 
of the top Sustainable Development Goals of the United Nations.14 With numerous 
pollutants present in waste streams, such as heavy metals,15 organic compounds,16 and 
oxyanions,17 a variety of techniques are currently required to treat water to a drinkable 
level. Typical water treatment plants for drinking water have the most stringent purification 
regulations, and thus use a combination of processes including chlorination, aeration, 
coagulation, flocculation, sedimentation, filtration, and a final disinfection treatment.18 
Although these are still in practice due to their commercial availability, the multiple 
treatment steps are energy intensive and difficult to implement in developing nations or 
in portable devices. To increase efficiency and performance for specified water treatment 
processes, alternative technologies must be explored. 
 1.1.3 Air Purification 
Toxic emissions are primarily from industry, electricity, and transportation sectors. 
These release gaseous compounds, such as carbon dioxide, methane, nitrogen oxides, 
volatile organic compounds, and fluorinated gases, that result in climate change, smog, 
and ozone degradation.19 Although there are efforts to reduce these emissions through 
expanding renewable energy sources,20 increasing vehicle fuel efficiency,21 and reducing 
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deforestation,22 the ever-changing political climate cannot ensure that these solutions will 
be implemented consistently or permanently. Another alternative is to capture these 
gases at the source or in open air for purification.23 Conventional methods use scrubber 
systems, wherein liquid solutions react with the gaseous compound to remove it from the 
gas stream that is emitted.24 While effective at removing the toxic gases, in turn they 
produce large amounts of liquid waste and are energy intensive. 
1.1.4 Adsorbent Treatment Technologies 
Purification methods that do not require heat or caustic chemicals are ideal to 
approach these challenges by providing an alternative to treat a variety of issues without 
requiring large amounts of energy in their execution nor producing a large volume of 
chemical waste.25 With this in mind, adsorbent materials have been extensively studied 
for many applications.26,27 Activated carbon,28 metal oxides,29 and resins30 are examples 
of traditional adsorbents that can be produced on a large-scale with moderate to high 
surface areas, maximizing their surface interactions with a target compound. Although 
these approaches have had success, they are severely limited by a low degree of 
functionality. This results in low gravimetric performance, typically requiring large 
amounts for effective treatment. Many also lose function after one use, limiting any long-
term use in industry.31 These downfalls cause major challenges in selectively capturing 
target species from dilute streams, whether gaseous or aqueous. Tunable materials, with 
controllable structure and chemical composition to enhance specificity, are thus desired 
to move adsorption technology to the forefront of many sustainability efforts.  
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1.2 Advanced Porous Materials 
Porous architectures are beneficial to many materials found in nature, such as 
sponges and honeycombs, and play an important role in optimizing their functions. 
Researchers have mimicked these structures to form synthetic alternatives that can be 
used in many research areas, such as filtration, mechanics, geosciences, and materials 
science.32,33 Using pre-designed molecular building blocks with porogenic solvents, 
advanced porous materials can be produced, namely zeolites, metal-organic frameworks, 
porous organic polymers, covalent organic frameworks, and porous molecular solids 
(Figure 1.2).34,35 Their porosity combined with their high density of chemical binding sites 
allows such materials to outperform traditional materials with regard to selectivity and 
activity.36 The ability to manipulate the building blocks employed results in a material that 
can be used for a diverse range of applications, such as gas storage and separation,27,37 
water treatment,38-40 catalysis,41-43 and enzyme immobilization,44,45 with many more only 
limited by our imagination. It has been well demonstrated that advanced porous materials 
can be used for such applications with the focus now on developing structure-function 
relationships to optimize performance beyond current technologies used in industry.33 
 1.2.1 Metal-Organic Frameworks 
 Metal-organic frameworks (MOFs), also referred to as porous coordination 
polymers (PCPs),46 are composed of metal ions/clusters as secondary building units 
(SBUs) connected by organic ligands with defined binding locations (Figure 1.3), resulting 
in solids with permanent porosity and long-range order.47 Given the vast array of building 
units there are nearly endless combinations to form MOFs. This is evident in the 
thousands of new materials synthesized each year, with ~70,000 reported to date by the  
 6 
 
Figure 1.2 Classes of porous solids and selected functions. From A. G. Slater, A. I. 
Cooper, Science 2015, 348, aaa8075. Reprinted with permission from AAAS. 
 
Cambridge Structural Database (CSD).48 The crystalline nature of MOFs is key to their 
growth, with X-ray diffraction techniques allowing for exact structure determination. Thus, 
MOFs can be designed with specific pore sizes, pore shapes, and functionalities, 
producing high surface area materials tailored for their intended application.49  
 Following their initial inception, MOFs were of great interest in a broad range of 
research directions such as inorganic chemistry, organic chemistry, and materials 
chemistry. Inorganic chemists were inspired by the coordination bonds available by the 
metal centers. Coordination complexes are traditionally studied in inorganic chemistry, 
 7 
Figure 1.3 (a) Inorganic secondary building units and (b) organic linkers. From H. 
Furukawa, K. E. Cordova, M. O’Keeffe, O. M. Yaghi, Science 2013, 341, 1230444. 
Reprinted with permission from AAAS. 
 
through interactions of the d-orbitals of the metal with a variety of available ligands.50 By 
introducing ditopic, tritopic, and tetratopic ligands, binding can occur at multiple sites, 
moving beyond the molecule and into extended framework solids.51 Once feasibility was 
established with commercially available organic ligands, organic chemists could focus on 
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developing new ligands as well as utilizing substitution reactions to functionalize them.52 
From a more practical standpoint, materials chemists explored the porosity of the MOFs 
combined with the functionality that is not present in traditional materials. The 
heterogeneous nature of MOFs allows them to be used for many materials’ applications, 
with the main focus on balancing the crystallinity with inherent stability loss to move into 
industry.53 A multidisciplinary approach to progress these materials forward has allowed 
for great strides in their design and synthesis. 
 It is intuitive that the designable framework of a MOF can be developed for a 
multitude of applications. The ability to tune the pore size and shape has been vital for 
novel gas adsorption and separation technologies.54 This has been employed for 
enhancing hydrogen gas storage tanks,55 carbon dioxide capture and storage 
technology,56 and hydrocarbon separation for industrial feedstocks.57 The ability to 
selectively capture gases of interest using adsorptive materials offers an environmentally 
friendly technique that could be implemented on a large-scale. The multi-component 
system of a MOF is also beneficial for catalytic applications.43,58 As opposed to metal 
nanoparticles, which typically aggregate reducing their activity, the open metal sites in 
MOFs are spatially separated and are fully available for catalysis.59 Further, the organic 
ligands can be modified, offering an additional catalytic component or co-catalyst.60 The 
porosity of MOFs enriches the adsorbent with reactant producing high catalytic yields, 
while the heterogeneity allows for easy separation to be used for multiple cycles. 
Comparable work has explored MOFs for water treatment applications. The functionality 
of the organic ligand can be tuned for chelating or ion-exchange sites.61 This method has 
been employed for heavy metal removal from water,62 organic micropollutant 
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treatment,40,63 and radionuclide separation from nuclear waste.64 Although, the high 
degree of functional groups is ideal to maximize the material’s performance, MOFs can 
still benefit from improvements in stability in aqueous systems. 
MOF chemistry has matured, wherein, the chemical and physical properties are 
tuned through computational screening and experimental methods, producing the 
optimum material for the intended application.65 The next stage in this booming class of 
materials should focus on large-scale synthesis, regeneration, and processability 
enhancements. This will move MOFs forward to compete with traditional materials that 
are currently in place.  
1.2.2 Porous Organic Polymers 
Porous organic polymers (POPs) are formed from completely light elements 
connected through strong covalent bonds, producing a highly stable material. POPs are 
recognized by combining the merits of a porous material with traditional polymers widely 
used in industry.34,36,66 They can be formed from many organic transformations such as 
C-C coupling,67 free-radical polymerization,68 trimerization,69 and condensation reactions 
(Figure 1.4).70 Their exploration has resulted in record high surface area materials such 
as PAF-1 with a Brunauer-Emmett-Teller (BET) surface area of 5600 m2/g.71 The ability 
to functionalize and their stability under extreme chemical and thermal conditions means 
they can be effectively used for a variety of applications even under simulated harsh 
environments, indicating great promise in real-world conditions.  
POPs can be subdivided into two classes, amorphous and crystalline, or covalent 
organic frameworks (COFs).72 While COFs do offer synthetic control over pore size and 
three-dimensional shape, their synthetic methods are complex and difficult to scale up,73 
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Figure 1.4 Examples of organic transformations to form POPs. 
 
thus are not the focus of this work. Amorphous POPs lack the long-range order of 
previously mentioned materials. However, their chemical makeup is still controlled 
through the monomeric units that are introduced, with a variety of spectroscopic 
techniques available to determine compositional changes through any post-synthetic 
modification.74 Any loss in structural control is easily counterbalanced by the simple 
synthetic methods, able to produce POPs in a laboratory setting in gram scale, with the 
ability to expand this for potential industrial-scale processes. 
The advantages of POPs are clearly seen in their success in a variety of 
applications. The application with the most potential would have to be for treatment of 
aqueous solutions via either resource recovery or water purification.38,75 POPs are 
functionalized to target specific compounds, enhancing the selectivity and maximizing the 
uptake per gram of adsorbent that needs to be deployed.76 The organic makeup and the 
strong bonds reduce any additional hazardous compounds being leached into the treated 
water, which allows the adsorbent to be used long-term with maintained performance, 
with the heterogeneous nature of POPs resulting in easy separation for multiple reuse 
R
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cycles. Additionally, improvements in processability are currently being studied to 
produce POPs as thin films.77 POPs have also been used as metal-free catalysts with 
great success.42 The ability to incorporate acid and/or base sites on the framework, either 
in a de novo or post-synthetic approach, gives a high density of active sites.41,78 Further, 
the hierarchical porosity provides micro- and mesopores, wherein the micropores serve 
as a trap to enrich the reactant in the pores while the mesopores allow for a high flux of 
reactants and products in and out of the system.79 These are just two examples of the 
direction that POP research is going, with many more areas being explored.44,80 
Owing to the amorphous nature of POPs, there are fewer screening methods 
available through computational techniques. However, small molecule analogues can be 
utilized to study the interaction of the functionalized monomer with the target.68,81 Rough 
estimations of performance can thus be used to narrow which POPs would be ideal for 
the intended application. Given the high throughput synthesis, promising performance, 
and longevity, POPs are an adsorbent material worth further studies to move into practice 
for many applications. 
1.3 Dissertation Objectives and Organization 
Based on the issues outlined above, this research aims to utilize advanced porous 
materials to progress new methods in environmental sustainability. There are three main 
objectives focused on (i) resource recovery, (ii) water treatment, and (ii) air purification. 
Chapters 2 and 3 explore structural modifications to enhance POPs for the recovery of 
finite natural resources, with examples for palladium and uranium. Chapters 4 and 5 detail 
work to employ functionalized MOFs and POPs for water treatment from nuclear and 
industrial waste streams, respectively. Chapters 5 and 6 concentrate on air purification 
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via capture of volatile contaminants, as well as the utilization of gases as a reactant for 
organic transformations. These strategies can not only ensure the prolonged health of 
our environment, but also be applied for further technological development of advanced 
materials. 
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CHAPTER TWO: 
PYRIDINE-BASED POROUS ORGANIC POLYMERS FOR SELECTIVE PALLADIUM 
EXTRACTION 
 
2.1 Introduction 
Platinum group elements (PGE) are recognized for their unique properties such as 
corrosion resistance, high melting point, and catalytic qualities. This has made them 
invaluable with widespread use in a variety of industrial sectors. Elements in this category 
include platinum, palladium, rhodium, ruthenium, iridium, and osmium, which are 
employed in catalytic processes, electronic devices, dental materials, and automotive 
industries, to name a few.1 However, the ubiquitous nature of their application has put a 
strain on the already rare terrestrial ores. Currently, 90% of the PGE supply comes from 
South Africa and Russia, with the rest of the world heavily reliant on imports.2 With 
uncertainties in the political climate and increasing demands, a secondary source of these 
precious metals is required to keep up with consumer needs.  
Recovery of PGE from spent processes is a promising alternative to reduce the 
dependence on a finite supply. Electronic waste has already been explored to strip 
precious metals for reuse purposes.3 This has been effective, however harsh chemical 
treatments are typically used necessitating the search for an environmentally benign 
option. Adsorbents, such as metal-organic frameworks,4 silica materials,5 and 
biosorbents,6 have thus been explored to capture PGE in the aqueous phase. This 
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method would not only reduce the requisite chemical treatments, but also open up a new 
avenue of resource recovery through the capture of precious metals from industrial waste 
streams. To do so would necessitate an adsorbent material with exceptional selectivity 
and affinity for the analyte of choice, given the diverse composition of industrial processes 
with low concentrations of PGE.5d,7 Current materials have demonstrated preliminary 
success with the adsorption of precious metals. Nevertheless, improvements can still be 
made with regard to their performance.  
Porous organic polymers (POPs) are a class of adsorbent material with great 
promise for such a challenging adsorption process. POPs are formed from purely organic 
building blocks connected by strong covalent bonds.8 This results in a material with 
functionality and exceptional stability, a combination that other materials lack. The ability 
to tune the monomeric units has resulted in their use in many applications, such as 
catalysis,9 gas storage,10 and water treatment,11 with encouraging results. From this 
tunability, we surmise that structural modifications can go even further to enhance the 
performance of well-known binding sites. In this work, we focus on the adsorption of the 
precious metal palladium, given its wide industrial use.12 To do so a series of pyridine-
based POPs were designed, wherein the nitrogen of the pyridine monomeric unit provides 
a Lewis base site to coordinate to palladium.13 The introduction of an amino group, as 
well as the effects from its relative location were further investigated. Through analysis of 
the maximum uptake capacity, kinetic efficiency, selectivity, and chemical stability, it was 
determined that with the amino group in the ortho position a stronger complex with 
palladium could be achieved. Thus, providing design strategies to enhance adsorbents 
for precious metal recovery under real-world conditions.  
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2.2 Experimental Section 
 2.2.1 General Methods 
 Commercially available reagents were purchased in high purity and used without 
further purification. 1H NMR spectra were recorded on a Bruker Avance-400 (400 MHz) 
spectrometer. Chemical shifts are expressed in ppm downfield from TMS at d=0 ppm, 
and J values are given in Hz. The N2 sorption isotherms were collected on a surface area 
analyzer, ASAP 2020, measured at 77 K using a liquid N2 bath. Scanning electron 
microscopy (SEM) images were collected using a Hitachi SU 8000. Inductively coupled 
plasma optical emission spectroscopy (ICP-OES) was performed on a Perkin-Elmer Elan 
DRC II Quadrupole. Inductively coupled plasma mass spectrometry (ICP-MS) was 
performed on an Agilent 7500cx. X-ray photoelectron spectroscopy (XPS) spectra were 
collected on a Thermo ESCALAB 250 with Al Kα irradiation at θ=90° for X-ray sources, 
and the binding energies were calibrated using the C 1s peak at 284.9 eV. 
2.2.2 Monomer Synthesis 
 3,5-divinylpyridine: 3,5-dibromopyridine (3.0 g, 12.7 mmol), potassium 
vinyltrifluoroborate (4.06 g, 30.4 mmol), K2CO3 (5 g, 36.2 mmol), and Pd(PPh3)4 (0.37 g, 
0.315 mmol) were dissolved in a mixture of toluene (25 mL), THF (25 mL), and H2O (10 
mL), and the resulting mixture was refluxed at 90 °C under N2 atmosphere for 48 hr. The 
product was extracted with ethyl acetate, washed with brine, dried over Na2SO4, and 
evaporated under reduced pressure, giving the crude compound which was then purified 
by flash chromatography with hexane/ethyl acetate (5:1) and 1%v/v triethylamine as 
eluent to afford the compound as a white powder, denoted as V-Py. 1H NMR (400 MHz, 
d6-DMSO, 298K, TMS): d 10.34 (s, 2H), 8.18 (s, 2H), 7.59-7.66 (m, 2H), 5.97 (d, 2H, J= 
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17.6 Hz), 5.59 (d, 2H, J= 11.2 Hz) ppm. 13C NMR (125 MHz, d6-DMSO, 298K, TMS) 
193.65, 138.46, 135.77, 132.45, 130.59, 120.48 ppm. 
 3,5-dibromopyridin-4-amine: To a solution of 4-aminopyridine (1.88 g, 20 mmol) 
and carbon tetrachloride (80 mL), N-bromosuccinimide (7.12 g, 40 mmol) was added in 
portions over a thirty-minute period, while the flask was protected by aluminum foil. After 
stirring at room temperature for 24 hr the product was extracted with chloroform, washed 
with brine, dried over Na2SO4, and evaporated under reduced pressure, giving the crude 
compound. This was then purified by flash chromatography with hexane/ethyl acetate 
(2:1) and 1%v/v triethylamine as eluent to afford the title compound as a yellow powder. 
1H NMR (400 MHz, d6-DMSO, 298K, TMS): d 8.20 (d, 2H, J= 10 Hz), 6.40 (br, 2H) ppm. 
 3,5-divinylpyridin-4-amine: 3,5-dibromopyridin-4-amine (1.0 g, 4 mmol), potassium 
vinyltrifluoroborate (1.32 g, 9.6 mmol), K2CO3 (1.6 g, 12 mmol), and Pd(PPh3)4 (0.116 g, 
0.1 mmol) were dissolved in a mixture of toluene (25 mL), THF (25 mL), and H2O (10 mL), 
and the resulting mixture was refluxed at 90 °C under N2 atmosphere for 48 hr. The 
product was extracted with ethyl acetate, washed with brine, dried over Na2SO4, and 
evaporated under reduced pressure. The crude compound was then purified by flash 
chromatography with hexane/ethyl acetate (5:1) and 1%v/v triethylamine as eluent to 
afford the compound as a yellow powder, denoted as V-pNH2-Py. 1H NMR (400 MHz, d6-
DMSO, 298K, TMS): d 8.12 (s, 2H), 6.81-6.88 (m, 2H), 5.96 (s, 2H), 5.59-5.64 (m, 2H), 
5.19-5.22 (m, 2H) ppm. 
 3,5-dibromopyridin-2-amine: To a solution of 2-aminopyridine (1.88 g, 20 mmol) 
and carbon tetrachloride (80 mL), N-bromosuccinimide (7.12 g, 40 mmol) was slowly 
added in portions over a thirty-minute period, while the flask was protected by aluminum 
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foil. After stirring at room temperature for 24 hr the product was extracted with chloroform, 
washed with brine, dried over Na2SO4, and evaporated under reduced pressure, giving 
the crude compound. This was then purified by flash chromatography with hexane/ethyl 
acetate (2:1) and 1%v/v triethylamine as eluent to afford the title compound as a yellow 
powder. 1H NMR (400 MHz, d6-DMSO, 298K, TMS): d 7.27 (d, 1H, J= 8.8 Hz), 7.02 (d, 
1H, J= 8.4 Hz), 5.69 (s, 2H) ppm. 
 3,5-divinylpyridin-2-amine: 3,5-dibromopyridin-2-amine (1.0 g, 4 mmol), potassium 
vinyltrifluoroborate (1.32 g, 9.6 mmol), K2CO3 (1.6 g, 12 mmol), and Pd(PPh3)4 (0.116 g, 
0.1 mmol) were dissolved in a mixture of toluene (25 mL), THF (25 mL), and H2O (10 mL), 
and the resulting mixture was refluxed at 90 °C under N2 atmosphere for 48 hr. The 
product was extracted with ethyl acetate, washed with brine, dried over Na2SO4, and 
evaporated under reduced pressure, giving the crude compound which was then purified 
by flash chromatography with hexane/ethyl acetate (5:1) and 1%v/v triethylamine as 
eluent to afford the compound as a yellow powder, denoted as V-oNH2-Py. 1H NMR (400 
MHz, CDCl3, 298K, TMS): d 7.94 (d, 1H, J= 2.8 Hz), 7.61 (d, 1H, J= 2 Hz), 6.53-6.65 (m, 
2H), 5.57-5.70 (m, 2H), 5.13-5.44 (m, 2H), 4.94 (br, 2H) ppm. 
 2.2.3 Polymer Synthesis 
The vinyl-based monomers, V-Py, V-pNH2-Py, and V-oNH2-Py, (1.0 g) were 
dissolved in DMF (10 mL), followed by the addition of free radical initiator 
azobisisobutyronitrile (AIBN, 0.025 g). The mixtures were transferred into 20 mL 
autoclaves and heated to 100 °C overnight. Solid products were obtained by extracting 
the DMF solvent with EtOH and drying in vacuum at 50 °C for 12 hr. The final polymers 
were denoted as POP-Py, POP-pNH2-Py, and POP-oNH2-Py, respectively. 
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2.3 Results and Discussion 
After successful transformation to the final polymeric materials, POP-Py, POP-
pNH2-Py, and POP-oNH2-Py were investigated for their surface properties through 
nitrogen sorption measurements and scanning electron microscopy images (SEM). All 
materials exhibited a combination of micro- and mesopores as indicated by sorption 
isotherms, with a steep incline at low pressure along with a hysteresis loop during the 
desorption process (Figure 2.1). From the isotherms the surface areas were calculated 
using the Brunauer-Emmett-Teller (BET) method. All materials had moderate to high 
surface area with values of 979, 536, and 359 m2/g for POP-Py, POP-pNH2-Py, and POP-
oNH2-Py, respectively. The additional amino groups on POP-pNH2-Py and POP-oNH2-
Py are responsible for the decreased surface area, however, are expected to not only 
increase the basicity, but also provide an additional palladium binding site. SEM images 
further show a variation in the pore size (Figure 2.2), with the visible larger pores 
facilitating mass transfer and the smaller pores serving as a trap to enrich the materials 
for greater adsorption performance. 
 
 
Figure 2.1 Nitrogen sorption isotherms of (a) POP-Py, (b) POP-pNH2-Py, and (c) POP-
oNH2-Py. 
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Figure 2.2 SEM images of (a) POP-Py, (b) POP-pNH2-Py, and (c) POP-oNH2-Py. Scale 
bar is 500 nm. 
 
Following characterization of the materials, they were tested to determine their 
maximum capacity for palladium adsorption. To obtain adsorption isotherms, 5 mg of the 
adsorbents were placed in 10 mL aqueous solutions of increasing Pd2+ concentrations 
(25-800 ppm). After stirring overnight to achieve equilibrium, the solutions were filtered, 
and analyzed via ICP to determine the residual Pd2+ concentration. From the adsorption 
isotherms (Figure 2.3), POP-Py, POP-pNH2-Py, and POP-oNH2-Py were fit with the 
Langmuir model with uptake capacities of 708, 743, and 752 mg/g, respectively. All 
materials produced record high palladium uptakes,4,5a-c,6c,d,14 and as was predicted, the 
addition of the amino group enhanced the performance overcoming the decreased 
surface area results. 
Given the promising results for the uptake of palladium, the adsorbent materials 
were studied for their kinetic efficiency. With 20 mg of the materials in 200 mL of a 5 ppm 
Pd2+ solution, 3 mL aliquots were collected after increasing time intervals. The filtrates 
were analyzed by ICP-MS for the remaining palladium in solution and the concentration 
changes were measured over time (Figure 2.4). All of the adsorbents were fast, reducing 
the palladium concentration to ppb level within 10 minutes, and within a 3 hr period the 
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Figure 2.3 Palladium adsorption isotherms of POP-Py (black), POP-pNH2-Py (blue), and 
POP-oNH2-Py (red). Inset: linear regression fit with the Langmuir model (R2>0.997). 
 
remaining concentration in solution was 2.23, 1.38, and 0.292 ppb for POP-Py, POP-
pNH2-Py, and POP-oNH2-Py, respectively. The kinetic data were fit to a pseudo-second 
order kinetic model (Figure 2.5), indicating that the rate-limiting step is a chemisorption 
process, with the rapid removal attributed to the hierarchical porosity and the large 
number of accessible binding sites.15 POP-oNH2-Py shows the greatest level of efficacy 
of all tested adsorbents, reducing to sub-ppb level after a short treatment time. If these 
adsorbents are to be put into practice, not only is a high capacity beneficial, it is also 
important to have palladium capture at low concentrations given the minimal amount of 
palladium found in waste streams. 
Based on the equilibrium results from the kinetic data, the binding affinity of each 
adsorbent was quantified. To do so, the distribution coefficient (Kd) was calculated, with 
values of 1.5 × 107, 2.4 × 107, and 1.1 × 108 mL/g for POP-Py, POP-pNH2-Py, and POP- 
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Figure 2.4 Kinetic performance of POP-Py (black), POP-pNH2-Py (blue), and POP-oNH2-
Py (red). 
 
 
Figure 2.5 Palladium uptake capacity over time of (a) POP-Py, (b) POP-pNH2-Py, and 
(c) POP-oNH2-Py. Inset: pseudo-second order kinetic plot (R2=1). 
 
oNH2-Py, respectively. It is evident that POP-oNH2-Py demonstrates the strongest 
binding with palladium, which results in enhanced performance at low concentrations. 
This is followed by POP-pNH2-Py and POP-Py, verifying the experimental capacity and 
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kinetic data. Due to the enhanced performance of POP-pNH2-Py and POP-oNH2-Py over 
POP-Py, the amino functionalized POPs were chosen for further studies.  
After palladium is adsorbed, it must be effectively eluted from the material to 
recover it for reuse, while also recycling the adsorbent. The ability to use adsorbent 
materials for multiple cycles will be an important metric for moving materials beyond the 
laboratory-scale and into industrial practices. To probe this, the palladium contacted 
adsorbents, Pd@POP-pNH2-Py and Pd@POP-oNH2-Py, were stirred in 100 mL of a 
thiourea:HCl solution (20:1). Subsequently, the adsorbents were treated with a 100 mM 
NaOH solution, washed with water, and dried under vacuum for further use. The 
regenerated adsorbents (20 mg) were stirred in 200 mL of a 5 ppm Pd2+ solution 
overnight. The residual concentration was measured with ICP-MS and was quantified to 
be 29 and 0.1 ppb for POP-pNH2-Py and POP-oNH2-Py, respectively. The performance 
of POP-oNH2-Py is completely maintained after recycling, while POP-pNH2-Py is 
noticeably hindered, resulting in a residual concentration ten times that of the pristine 
sample.  
Further work was done to explore the selectivity of POP-pNH2-Py and POP-oNH2-
Py for palladium in the presence of other ions prevalent in waste streams.7c,16 5 mg of 
adsorbent was placed in 50 mL of a 5 ppm mixed metal solution containing Pd2+, Fe2+, 
Zn2+, Pb2+, Ni2+, and Cd2+. After overnight treatment, the remaining palladium in solution 
was measured with ICP-MS. POP-oNH2-Py exhibited almost full palladium recovery, 
reducing the concentration to 1.02 ppb. Meanwhile, POP-pNH2-Py showed severely 
reduced capacity only decreasing the concentration to 188 ppb. Although the amino group 
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can provide an additional binding site for palladium recovery, the ortho position is more 
beneficial and creates a more stable complex with palladium over its para counterpart. 
Owing to the encouraging results for POP-oNH2-Py, it was used for a final analysis 
of the stability and performance under extreme pH conditions. 5 mg of adsorbent was 
placed in aqueous solutions of pH 3 and 10, respectively, and allowed to soak over a 3 
day period. The adsorbents were collected and immediately used for the recovery of a 5 
ppm palladium solution (50 mL) at pH 3 and 10. The residual concentration after stirring 
overnight was measured with ICP-MS to be 2.08 and 6.14 ppb for pH 3 and 10, 
respectively. The structural integrity and palladium uptake after exposure to extreme 
conditions demonstrates the full applicability of POP-oNH2-Py for palladium recovery. 
Given that POP-oNH2-Py exhibited the most promise for the recovery of palladium, 
the binding was thus investigated through X-ray photoelectron spectroscopy (XPS). The 
Pd 3d spectrum was collected for Pd@POP-oNH2-Py to verify the adsorption process 
with two distinct peaks at 343.3 and 338.2 eV corresponding to 3d3/2 and 3d5/2, 
respectively.17 Comparing this to the pristine POP-oNH2-Py sample, which had no peaks 
associated with palladium. Further, the recycled sample lacked any discernable Pd 3d 
peaks, confirming the ability to elute the palladium from the adsorbent and the 
effectiveness of the regeneration process (Figure 2.6). 
The N 1s spectra was also recorded for the pristine, palladium contacted, and 
regenerated POP-oNH2-Py (Figure 2.7) to study the binding interaction. The pristine 
sample has a N 1s peak at 399.3 eV, however, after binding with palladium this peak is 
shifted to 399.6 eV, indicating an interaction has occurred with the nitrogen groups of 
POP-oNH2-Py.18 After the material was regenerated this peak is identical to the pristine 
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sample with the N 1s peak at 399.3 eV. Altogether substantiating the strong binding of 
palladium with POP-oNH2-Py and the potential this material has for multiple adsorption 
cycles, extending the adsorbent’s lifetime in practice. 
 
 
Figure 2.6 Pd 3d XPS spectra of pristine (blue), palladium contacted (black), and 
regenerated (red) POP-oNH2-Py.  
 
 
Figure 2.7 N 1s XPS spectra of (a) pristine, (b) palladium contacted, and (c) regenerated 
POP-oNH2-Py. 
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2.4 Conclusion 
In summary, a series of pyridine-based POPs, POP-Py, POP-pNH2-Py, and POP-
oNH2-Py, were studied for their ability to recover palladium. All of the adsorbents had high 
uptakes with the ability to reduce the palladium concentration to ppb level. However, the 
addition of the amino group in POP-pNH2-Py and POP-oNH2-Py was shown to enhance 
the palladium recovery performance. Additionally, the amino group in the ortho position 
relative to the pyridine binding site provided a stronger interaction with palladium 
compared to its para counterpart. This resulted in POP-oNH2-Py outperforming POP-
pNH2-Py with regard to regenerative abilities and selectivity, with further successful 
palladium uptake experiments after exposure to extreme pH conditions. A strong binding 
affinity for POP-oNH2-Py was calculated based on experimental equilibrium data, which 
was corroborated by XPS analysis of Pd 3d and N 1s. These results demonstrate the 
ability to modify adsorbents to maximize their performance, which could be extended to 
a multitude of applications.  
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CHAPTER THREE: 
DESIGN STRATEGIES TO ENHANCE AMIDOXIME CHELATORS FOR URANIUM 
RECOVERY 
 
3.1 Introduction 
 The use of uranium as a fuel source has always carried with it a certain stigma, 
owing to its radioactivity and popular association with nuclear warfare. This has not 
prevented the steady progress made in assuring nuclear energy as an alternative to 
carbon-based fuel.1 While changing society’s perception of the element will be based on 
it’s safe and prolonged use and economic validity, overcoming the barriers associated 
with obtaining uranium in the necessary large quantities is currently becoming more and 
more attainable. It is well known that the natural ground ores of uranium provide limited 
resources if we want to utilize nuclear fuel as a sustainable energy source.2 This has led 
to the investigation of a non-traditional source of uranium: the ocean.3 Although present 
in minute quantities, ~3.3 ppb, the vast supply of oceanic water along with uranium’s 
natural equilibrium makes this a viable source for a potentially renewable energy 
resource.4 However, this is all contingent on the ability to recover uranium at a price point 
that can compete with traditional energy supplies.5 
 Previous approaches to isolate uranium are heavily reliant on chemical 
separations to sequester from complex mixtures. However, chemical processes, such as 
coagulation and coprecipitation, are difficult to manage for extremely large volumes and 
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result in energy intensive and costly methods.4 Adsorbents have been recognized as ideal 
due to their heterogeneity, able to remove target analytes in the liquid phase with simple 
filtration required for separation and recovery.6 Many adsorbent materials have been 
investigated for this purpose, including, carbonaceous materials,7 graphene oxides,8 
grafted fibers,9 metal-organic frameworks (MOFs),10 and layered metal sulfides.11 
However, their performance is noticeably hindered due to low stability, low degree of 
functionality, and/or low surface area. These issues must be addressed to achieve high 
selectivity and uptake for recovery from the ocean’s diverse composition. Porous organic 
polymers (POPs) have emerged as a cutting-edge material formed from strong covalent 
bonds.12 This class of material combines the advantages of tunable, advanced structures, 
such as MOFs,13 with the stability of traditional materials, such as activated carbon.14 This 
type of material demonstrates all of the features required for such a challenging 
adsorption process. 
 Our research group has investigated a variety of POP platforms for analyte capture 
at the pore surface of the solid and aqueous phases.15 One such POP that has 
demonstrated success in water treatment and resource recovery has been PAF-1 (porous 
aromatic framework).16 The strong covalent bonds provide high stability in a range of 
conditions and the aromatic rings can be easily functionalized with a high degree of 
grafting. Promising results with ion-exchange for precious metal recovery17 and strong 
coordination for mercury removal18 led to the exploration of this platform for uranium 
recovery. To target the uranyl ions found in solution, an amidoxime group (-C(NOH)NH2) 
was grafted onto PAF-1 through post-synthetic modification with very encouraging 
results. The resulting material, PAF-1-CH2AO (where AO represents the amidoxime 
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group), had an uptake capacity over 300 mg/g and was able to lower a uranyl solution of 
4.1 ppm to less than 1.0 ppb after 90 minutes of treatment, establishing the success of 
PAF-1 as a platform for uranium recovery.19  
 Amidoxime has proven itself as the state-of-the-art functional group for uranium 
recovery,4,20 however, improvements can still be made to optimize the performance of 
this functionality. Open-chain amidoxime typically binds to uranyl ions in an h2 
coordination manner in the equatorial plane,21 therefore, it is beneficial to have a high 
content of functional groups to enhance potential cooperation for strong binding and high 
uptakes.4 Such a scope for ligand design will result in an adsorbent that can be applied 
for efficient uranium recovery from seawater. Herein, we utilize PAF-1 as a stable and 
easily functionalizable platform to study the effects of two adsorbents with varying 
amidoxime ligands, denoted as PAF-1-CH2NHAO and PAF-1-NH(CH2)2AO (Figure 3.1). 
Analysis focused on their grafting degree, flexibility, and cooperation for uranium 
recovery. This work highlights the variability of a functional group and the strategies that 
can be taken to enhance adsorbents for real-world applications.  
 
 
Figure 3.1 PAF-1 as a platform to design adsorbents with varying amidoxime 
functionalities for successful uranium capture. 
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3.2 Experimental Section 
 3.2.1 General Methods 
 All reagents were commercially available and purchased in high purity with no 
further purification required. Ultrapure water was obtained through a Millipore water 
purification system. FT-IR spectra were recorded on a Nicolet Impact 410 FT-IR 
spectrometer. 13C (100.5 MHz) cross-polarization magic angle spinning (CP-MAS) data 
was recorded on a Varian infinity plus 400 spectrometer equipped with a magic-angle 
spin probe in a 4-mm ZrO2 rotor. Nitrogen sorption isotherms were collected on an ASAP 
2020 surface area analyzer. Measurements were taken at 77 K with a liquid nitrogen bath 
and the surface areas were calculated using the Brunauer-Emmett-Teller method. 
Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy 
(EDX) mapping were collected using a Hitachi SU 8000. CHN elemental analysis was 
performed on a Perkin-Elmer series II CHN analyzer 2400. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) was performed on a Perkin-Elmer Elan DRC II 
Quadrupole. Inductively coupled plasma mass spectrometry (ICP-MS) was performed on 
an Agilent 7500cx. X-ray photoelectron spectroscopy (XPS) spectra were performed on 
a Thermo ESCALAB 250 with Al Kα irradiation at θ=90° for X-ray sources, and the binding 
energies were calibrated using the C 1s peak at 285.4 eV. 
 3.2.2 Polymer Synthesis 
 PAF-1  1,5-cyclooctadiene (1.05 mL, 8.32 mmol), bis(1,5-
cyclooctadiene)nickel(0) (2.25 g, 8.18 mmol), and 2,2’-bipyridyl (1.28 g, 8.18 mmol) were 
added to 120 mL of anhydrous DMF and stirred in an inert atmosphere for 1 hr. To the 
deep purple solution, tetrakis(4-bromophenyl)methane (1 g, 1.57 mmol) was added and 
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heated to 80 °C under nitrogen atmosphere, stirring overnight. The solution was allowed 
to cool, and the reaction was quenched by the addition of 5 M HCl (100 mL) and stirred 
at room temperature overnight. After filtration, the solid was rinsed thoroughly with water 
and then washed through Soxhlet extraction with CHCl3 and THF, respectively, and dried 
under vacuum to produce an off-white powder. 
 PAF-1-NO2   PAF-1 (100 mg) was dispersed in acetic anhydride (50 mL). 
The solution was put in an ice bath and 4 drops of sulfuric acid was added slowly. To the 
solution, nitric acid (3 mL) was gradually added and stirred for 1 hr in an ice bath and then 
allowed to steadily heat to room temperature while stirring for 24 hr. Additional nitric acid 
(3 mL) was added while in an ice bath and stirred at room temperature for 24 hr. The 
solution was poured into ice water and the solid product was formed. The solid was 
filtered, washed with an excess of water, and dried under vacuum.  
 PAF-1-NH2   PAF-1-NO2 (100 mg) and SnCl2·H2O (3.26 g) was placed in 
ethanol (20 mL) followed by the addition of 4 M HCl (15 mL) and heated to 75 °C for 24 
hr. The solution was allowed to cool, filtered, and washed with excess water. The solid 
was then stirred in a solution of HCl:EtOH, then filtered and washed with water until 
neutrality was reached. The product was treated with 1 M NaOH followed by filtration and 
excess washing with water, then dried under vacuum.  
 PAF-1-NH(CH2)2CN Hydroquinone (110 mg) and anhydrous AlCl3 (2.5 g) 
were dissolved in acrylonitrile (15 mL). PAF-1-NH2 (80 mg) was added to the solution and 
stirred at 70 °C for 72 hr. The solution was allowed to cool and the solid was filtered and 
washed with THF. The solid was subsequently treated with 1 M HCl and 1 M NaOH, 
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respectively. The final product was produced after filtration, washing with water, and dried 
under vacuum. 
 PAF-1-NH(CH2)2AO  PAF-1-NH(CH2)2CN (80 mg), K2CO3 (250 mg), and 
NH2OH (50 wt% in H2O, 7.5 mL), were added to ethanol (20 mL) in a Schlenk tube and 
heated to 75 °C for 72 hr. After cooling, the solution was filtered, washed with water, and 
dried under vacuum. Elemental analysis: N content of 14.15 wt% and 3.37 mmol 
amidoxime/g. 
 PAF-1-CH2Cl Under an inert atmosphere, PAF-1 (100 mg), chloromethyl 
methyl ether (0.5 g), and SnCl4 (1 M in DCM, 5 mL), were added to anhydrous DCM (20 
mL) and stirred at room temperature for 96 hr. The reaction was quenched by the addition 
of more DCM. The solution was filtered, washed with DCM and ethanol, and dried under 
vacuum. 
 PAF-1-CH2NHCN  PAF-1-CH2Cl (100 mg) and NaNHCN (200 mg) were 
added to ethanol (50 mL) in a Schlenk tube and heated to 75 °C for 72 hr. The solution 
was cooled and filtered, followed by washing with water and methanol, then dried under 
vacuum.  
 PAF-1-CH2NHAO   PAF-1-CH2NHCN (100 mg), K2CO3 (250 mg), and 
NH2OH (50 wt% in H2O, 7.5 mL), were added to ethanol (20 mL) in a Schlenk tube and 
heated to 75 °C for 72 hr. After cooling, the solution was filtered, washed with water, and 
dried under vacuum. Elemental analysis: N content of 6.9 wt% and 1.64 mmol 
amidoxime/g. 
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3.3 Results and Discussion 
 After synthesis of the polymeric materials full characterization was performed to 
understand the physical and chemical properties of the adsorbents. Throughout the post-
synthetic modification process, the functional groups were tracked by FT-IR (Figure 3.2). 
Specifically, the conversion of the cyano group to the amidoxime group was confirmed, 
with the -CN group having a distinct peak at 2251 cm-1, after treatment with hydroxylamine 
this peak has completely disappeared with the characteristic peaks for amidoxime at 1660 
(C=N) and 937 (N-O) cm-1 now visible in the spectrum, verifying the complete 
transformation. Solid-state 13C NMR monitored the carbon chemical shifts of the 
amidoxime functional group. The alkyl carbons of the extended chain appear at 29 ppm 
(Figure 3.3), as well as a shoulder at 154 ppm representing the carbon of amidoxime, 
which altogether confirms the grafting and final conversion to amidoxime.22 
 
 
Figure 3.2 FT-IR spectra of post-synthetic modifications to achieve (a) PAF-1-
NH(CH2)2AO and (b) PAF-1-CH2NHAO. 
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Figure 3.3 Solid-state 13C NMR spectra of (a) PAF-1-NH(CH2)2AO and (b) PAF-1-
CH2NHAO, with the starting material PAF-1 in black. 
 
 To ensure permanent porosity throughout the post-synthetic modification process 
nitrogen sorption isotherms were collected at 77 K and the Brunauer-Emmett-Teller (BET) 
surface area was calculated for each intermediate. The surface areas changed 
accordingly with the bulkiness of the functionality, as is the natural trend for porous 
materials with an increase in weight and a decrease in the available pore volume.23 The 
final materials, PAF-1-NH(CH2)2AO and PAF-1-CH2NHAO, had calculated surface areas 
of 465 and 1254 m2/g, respectively (Figure 3.4). Scanning electron microscopy (SEM) 
was performed to collect nano-scale images of the functionalized adsorbents. From this 
the morphology indicated the particles formed irregular aggregates, typical of amorphous 
solids (Figure 3.5). To quantify the addition of the amidoxime functionality, elemental 
analysis was utilized, with a N wt% of 14.15% corresponding to an amidoxime content of 
3.37 mmol/g. Comparing this to PAF-1-CH2NHAO with a N wt% of 6.9% corresponding 
to an amidoxime content of 1.64 mmol/g, it is expected that a higher degree of grafting 
will enhance the gravimetric performance of the solid adsorbents. 
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Figure 3.4 Nitrogen sorption measurement of intermediates and final product for (a) PAF-
1-NH(CH2)2AO and (b) PAF-1-CH2NHAO. 
 
 
Figure 3.5 SEM image of (a) PAF-1-NH(CH2)2AO and (b) PAF-1-CH2NHAO. Scale bar is 
5 µm. 
 
 To test the ligand effects on uranium capture, preliminary experiments were 
performed to determine the uranium uptake capacity and the kinetic efficiency of both 
adsorbents. All adsorbents were treated with a 3 wt% KOH solution for 24 hr, and 
subsequently washed and dried prior to all uranium adsorption experiments. For the 
maximum uptake capacity, 10 mL solutions of increasing uranium concentration (1-400 
ppm) were treated with 5 mg of adsorbents. To analyze the equilibrium parameters the 
solutions were treated overnight, and the residual uranium concentrations were quantified 
with ICP-OES/MS (Figure 3.6). The adsorption data were fit with the Langmuir model 
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(Figure 3.7) with qmax values of 102 and 385 mg/g for PAF-1-CH2NHAO and PAF-1-
NH(CH2)2AO, respectively. This indicates that both adsorbents capture uranium via a 
monolayer adsorption process,24 with PAF-1-NH(CH2)2AO having an almost 4-fold 
increase over PAF-1-CH2NHAO.  
 
 
Figure 3.6 Uranium adsorption isotherms of PAF-1-NH(CH2)2AO (purple) and PAF-1-
CH2NHAO (green). 
  
 
Figure 3.7 Linear regression of the equilibrium data for (a) PAF-1-NH(CH2)2AO and (b) 
PAF-1-CH2NHAO, fit with the Langmuir model (R2>0.99). 
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 With regard to kinetics, the adsorbents (5 mg) were stirred in a 5 ppm solution (100 
mL) of uranium and aliquots were quantified over time. When analyzing the kinetic profile, 
both adsorbents demonstrate fast kinetics to reach their maximum adsorption (Figure 3.8) 
and follow the pseudo-second order kinetic model (Figure 3.9). However, PAF-1-
NH(CH2)2AO is able to reduce the uranium to a much lower concentration (0.08 ppm) 
when compared to PAF-1-CH2NHAO (1.63 ppm). Given that both adsorbents have 
amidoxime as their binding site, as well as the fact that PAF-1-CH2NHAO actually has a 
higher surface area than PAF-1-NH(CH2)2AO, it is presumed that the difference in 
performance is due to the increased flexibility of the PAF-1-NH(CH2)2AO ligand along with 
the higher grafting degree. These combined factors allow for an increase in cooperation 
between ligands for enhanced uranium uptake. 
 
 
Figure 3.8 Kinetic profile of adsorption process of PAF-1-NH(CH2)2AO (purple) and PAF-
1-CH2NHAO (green). 
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Figure 3.9 Uranium uptake versus contact time for (a) PAF-1-NH(CH2)2AO and (b) 
PAF-1-CH2NHAO. Inset: pseudo second order kinetic plot with R2>0.999. 
 
 With such encouraging results for PAF-1-NH(CH2)2AO on both fronts, this 
adsorbent was chosen for in-depth studies. The previous kinetics demonstrated that the 
adsorbent could rapidly reduce the uranium concentration to below ppm level, indicating 
strong binding with the uranyl ions in solution. This assumption was confirmed by 
analyzing the binding affinity of the adsorbent with uranium. A 1000 ppb solution (100 mL) 
of uranium was thus treated with 2.5 mg of the adsorbent and aliquots were removed over 
increasing time intervals. Exact concentrations were then quantified with ICP-MS down 
to ppb level. The uranium concentration rapidly drops, removing nearly 99% of the 
uranium in solution within 10 minutes and after 16 hr the residual concentration was 1.74 
ppb, which fit well with the pseudo-second order kinetic model (Figure 3.10). This 
equilibrium data was used to calculate the distribution coefficient (Kd), an important metric 
for determining the affinity of an adsorbent for selected contaminants.25 Under these 
conditions PAF-1-NH(CH2)2AO had a Kd value of 1.15x107 mL/g, indicating an 
exceptional affinity for uranium. It is worthy to mention that this is an order of magnitude 
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higher than our previous work using a PAF-1 based adsorbent,19 signifying the 
importance of ligand design for improving a material’s ability to capture uranium. 
 
 
Figure 3.10 (a) Uranium adsorption kinetics of PAF-1-NH(CH2)2AO. Initial uranium 
concentration of 1000 ppb and a phase ratio of 40,000 mL/g; (b) kinetic data fit with the 
pseudo-second order model with a R2=1. 
 
 The process of capturing uranium is only the first step in using it as a nuclear fuel 
source. The uranium must also be eluted from the adsorbent effectively for it to be fully 
utilized while also regenerating the adsorbent for multiple capture cycles. Rather than 
using harsh acid treatments to strip the uranium,9b,10b,26 in this work we are able to recover 
the uranium from the adsorbent using a simple treatment with a 1 M sodium carbonate 
solution (100 mL). This easy process could be expanded on a large-scale with minimal 
environmental impact. Further, the regenerated PAF-1-NH(CH2)2AO was able to maintain 
its uptake, with a capacity of 301 mg/g (conditions: 10 ppm uranium solution and a phase 
ratio of 40 mL/mg). This indicates the potential of this adsorbent to be used for repetitive 
cycles of uranium capture and elution.  
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 With such promising results for the capture of uranium, PAF-1-NH(CH2)2AO was 
tested under seawater conditions. One challenge in the adsorption of uranium from 
seawater is the diverse composition of the water with many ions in extreme excess of the 
uranium naturally found. To determine selectivity, a 750 mL solution of filtered seawater 
was spiked with ~8 ppm of uranium. 15 mg of PAF-1-NH(CH2)2AO was introduced into 
the spiked seawater and allowed to adsorb for a one-week period, after which was 
quantified for its uranium content. PAF-1-NH(CH2)2AO was found to adsorb 36.5 mg/g of 
uranium, comparable to many benchmark materials.7a,11a,19,27 Progresses in material 
design is vital to address the challenges associated with adsorbing uranium in real 
seawater conditions, which will involve increasing binding affinity and selectivity for 
uranium over the vast number of ions present in much higher concentrations. Modifying 
ligands is a promising strategy to understand the factors associated with enhanced 
performance. 
 To understand the binding interaction between the uranyl ions and the adsorbents, 
we collected EDX mapping images, FT-IR spectra, and XPS spectra. As evidenced by 
EDX images the uranium is homogeneously distributed throughout PAF-1-CH2NHAO and 
PAF-1-NH(CH2)2AO (Figure 3.11), confirming the uptake capacities indicated by the 
experimental data. The binding between uranyl and the adsorbents was then investigated 
by FT-IR. When comparing to the spectrum of uranyl nitrate, which has a distinct peak at 
935 cm-1 corresponding to the asymmetric stretch of O=U=O,28 the spectra for the 
uranium contacted adsorbents has an obvious shift to ~904 cm-1 (Figure 3.12). This red 
shift for the peak associated with uranyl is indicative of strong binding between it and the 
adsorbents.  
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Figure 3.11 SEM image and EDX mapping of uranium contacted (a) PAF-1-NH(CH2)2AO 
and (b) PAF-1-CH2NHAO. 
 
 
Figure 3.12 FT-IR spectra of (a) uranyl nitrate, (b) uranium contacted PAF-1-
NH(CH2)2AO, and (c) uranium contacted PAF-1-CH2NHAO. 
 
 This interaction was further probed through XPS with the appearance of U 4f peaks 
at 393.7 (4f5/2) and 382.7 eV (4f7/2) for PAF-1-NH(CH2)2AO, with PAF-1-CH2NHAO having 
nearly identical peaks. These binding energies are considerably lower than those for 
pristine uranyl nitrate with peaks at 394.3 and 383.4 eV (Figure 3.13).29 The binding 
between uranyl and the amidoxime functionalities is responsible for the decrease in 
energy, typical of a metal species after interaction with an electron donor.30 From these 
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results, we can infer that both adsorbents have moderate to strong binding with uranium. 
However, multiple available ligands result in a complementary array of binding sites, thus 
PAF-1-NH(CH2)2AO provides enhanced cooperation between the functional groups 
resulting in a higher adsorption capacity than PAF-1-CH2NHAO.  
 
 
Figure 3.13 U 4f XPS spectra of (a) uranyl nitrate, (b) uranium contacted PAF-1-
NH(CH2)2AO, and (c) uranium contacted PAF-1-CH2NHAO. 
 
3.4 Conclusion 
 Through the utilization of a stable and functional platform, PAF-1, changes in the 
amidoxime ligand were probed for uranium capture. Compared to PAF-1-CH2NHAO, 
PAF-1-NH(CH2)2AO has an enhanced cooperation between the neighboring amidoxime 
groups, resulting in a vastly improved uptake capacity and kinetic efficiency. PAF-1-
NH(CH2)2AO demonstrates a high binding affinity for uranium, has the ability to be eluted 
and effectively recycled, and is able to recover uranium from the diverse composition of 
a spiked seawater solution. Given these promising results it is evident that further 
exploration of the amidoxime group can produce an adsorbent material to economically 
recover uranium from seawater as a nuclear fuel source. 
 53 
3.5 References 
1 (a) D. S. Sholl, R. P. Lively, Nature 2016, 532, 435-437; (b) W. C. Sailor, D. Bodansky, 
C. Braun, S. Fetter, B. van der Zwaan, Science 2000, 288, 1177-1178; (c) Q. Sun, B. 
Aguila, S. Ma, Trends in Chemistry 2019, 1, DOI: 10.1016/j.trechm.2019.02.010 
2 Uranium 2016: Resources, Production and Demand, OECD Nuclear Energy Agency 
and the International Atomic Energy Agency, NEA#7301, 2016. 
3 (a) Y. Lu, Nat. Chem. 2014, 6, 175-177; (b) C. Liu, P.-C. Hsu, J. Xie, J. Zhao, T. Wu, 
H. Wang, W. Liu, J. Zhang, S. Chu, Y. Cui, Nat. Energy 2017, 2, 17007; (c) B. F. 
Parker, Z. Zhang, L. Rao, J. Arnold, Dalton Trans. 2018, 47, 639-644; (d) Q. Sun, B. 
Aguila, J. Perman, A. S. Ivanov, V. S. Bryantsev, L. Earl, C. Abney, L. Wojtas, S. Ma, 
Nat. Commun. 2018, 9, 1644; (e) Y. Yuan, Y. Yang, X. Ma, Q. Meng, L. Wang, S. 
Zhao, G. Zhu, Adv. Mater. 2017, 117, 13935-14013. 
4 C. W. Abney, R. T. Mayes, T. Saito, S. Dai, Chem. Rev. 2017, 117, 13935-14013. 
5 (a) M. S. Diallo, M. R. Kotte, M. Cho, Environ. Sci. Technol. 2015, 49, 9390-9399; (b) 
L. Zhou, M. Bosscher, C. Zhang, S. Öçubukçu, L. Zhang, W. Zhang, C. J. Li, J. Liu, 
M. P. Jensen, L. Lai, C. He, Nat. Chem. 2014, 6, 236-241. 
6 A. S. Ivanov, B. F. Parker, Z. Zhang, B. Aguila, Q. Sun, S. Ma, S. Jansone-Popova, J. 
Arnold, R. T. Mayes, S. Dai, V. S. Bryantsev, L. Rao, I. Popovs, Nat. Commun. 2019, 
10, 819. 
7 (a) M. Carboni, C. W. Abney, K. M. L. Taylor-Pashow, J. L. Vivero-Escoto, W. Lin, Ind. 
Eng. Chem. Res. 2013, 52, 15187-15197; (b) X. Yang, J. Li, Y. Tian, B. Li, K. Cao, S. 
Liu, M. Hou, S. Li, L. Ma, J. Mater. Chem. A 2014, 2, 1550-1559. 
 54 
8 (a) Y. Tian, J. Fu, Y. Zhang, K. Cao, C. Bai, D. Wang, S. Li, Y. Xue, L. Ma, C. Zheng, 
Phys. Chem. Chem. Phys. 2015, 17, 7214-7223; (b) Y. Zhang, H. Zhang, Q. Liu, R. 
Chen, J. Liu, J. Yu, X. Jing, M. Zhang, J. Wang, Dalton Trans. 2018, 47, 12984-12992. 
9 (a) S. D. Alexandratos, X. Zhu, M. Florent, R. Sellin, Ind. Eng. Chem. Res. 2016, 55, 
4208-4216; (b) S. Xie, X. Liu, B. Zhang, H. Ma, C. Ling, M. Yu, L. Li, J. Li, J. Mater. 
Chem. A 2015, 3, 2552-2558. 
10 (a) M. Carboni, C. W. Abney, S. Liu, W. Lin, Chem. Sci. 2013, 4, 2396-2402; (b) L. 
Chen, Z. Bai, L. Zhu, L. Zhang, Y. Cai, Y. Li, W. Liu, Y. Wang, L. Chen, J. Diwu, J. 
Wang, Z. Chai, S. Wang, ACS Appl. Mater. Interfaces 2017, 9, 32446-32451. 
11 (a) S. Ma, L. Huang, L. Ma, Y. Shim, S. M. Islam, P. Wang, L.-D. Zhao, S. Wang, G. 
Sun, X. Yang, M. G. Kanatzidis, J. Am. Chem. Soc. 2015, 137, 3670-3677; (b) M. J. 
Manos, M. G. Kanatzidis, J. Am. Chem. Soc. 2012, 134, 16441-16446. 
12 (a) Q. Sun, Z. Dai, X. Meng, F.-S. Xiao, Chem. Soc. Rev. 2015, 44, 6018-6034; (b) L. 
Tan, B. Tan, Chem. Soc. Rev. 2017, 46, 3322-3356; (c) A. G. Slater, A. I. Cooper, 
Science 2015, 348, 11; (d) Y. Xu, S. Jin, H. Xu, A. Nagai, D. Jiang, Chem. Soc. Rev. 
2013, 42, 8012-8031; (e) S. Das, P. Heasman, T. Ben, S. Qiu, Chem. Rev. 2017, 117, 
1515-1563; (f) A. Alsbaiee, B. J. Smith, L. Xiao, Y. Ling, D. E. Helbling, W. R. Dichtel, 
Nature 2016, 529, 190-194. 
13 (a) H. Furukawa, K. E. Cordova, M. O’Keeffe, O. M. Yaghi, Science 2013, 341, 
1230444; (b) A. J. Howarth, A. W. Peters, N. A. Vermeulen, T. C. Wang, J. T. Hupp, 
O. K. Farha, Chem. Mater. 2017, 29, 26-39. 
14 J. R. Perrich, Activated Carbon Adsorption for Wastewater Treatment, CRC press, 
2018. 
 55 
15 (a) Q. Sun, L. Zhu, B. Aguila, P. K. Thallapally, C. Xu, J. Chen, S. Wang, D. Rogers, 
S. Ma, Nat. Commun. 2019, 10, 1646; (b) B. Aguila, Q. Sun, J. A. Perman, L. D. Earl, 
C. W. Abney, R. Elzein, R. Schlaf, S. Ma, Adv. Mater. 2017, 29, 1700665. 
16 (a) T. Ben, H. Ren, S. Ma, D. Cao, J. Lan, X. Jing, W. Wang, J. Xu, F. Deng, J. M. 
Simmons, S. Qiu, G. Zhu, Angew. Chem. Int. Ed. 2009, 48, 9457-9460; (b) S. Demir, 
N. K. Brune, J. F. Van Humbeck, J. A. Mason, T. V. Plakhova, S. Wang, G. Tian, S. 
G. Minasian, T. Tyliszczak, T. Yaita, T. Kobayashi, S. N. Kalmykov, H. Shiwaku, D. K. 
Shuh, J. R. Long, ACS. Cent. Sci. 2016, 2, 253-265. 
17 B. Li, Y. Zhang, D. Ma, Z. Xing, T. Ma, Z. Shi, X. Ji, S. Ma, Chem. Sci. 2016, 7, 2138-
2144. 
18 B. Li, Y. Zhang, D. Ma, Z. Shi, S. Ma, Nat. Commun. 2014, 5, 5537. 
19 B. Li, Q. Sun, Y. Zhang, C. W. Abney, B. Aguila, W. Lin, S. Ma, ACS Appl. Mater. 
Interfaces 2017, 9, 12511-12517. 
20 (a) Q. Sun, B. Aguila, L. D. Earl, C. W. Abney, L. Wojtas, P. K. Thallapally, S. Ma, 
Adv. Mater. 2018, 30, 1705479; (b) S. P. Kelley, P. S. Barber, P. H. K. Mullins, R. D. 
Rogers, Chem. Commun. 2014, 50, 12504-12507; (c) A. Zhang, T. Asakura, G. 
Uchiyama, React. Funct. Polym. 2003, 57, 67-76; (d) C. W. Abney, R. T. Mayes, M. 
Piechowicz, Z. Lin, V. S. Bryantsev, G. M. Veith, S. Dai, W. Lin, Energy Environ. Sci. 
2016, 9, 448-453. 
21 (a) S. Vukovic, L. A. Watson, S. O. Kang, R. Custelcean, B. P. Hay, Inorg. Chem. 
2012, 51, 3855-3859; (b) A. Zhang, G. Uchiyama, T. Asakura, React. Funct. Polym. 
2005, 63, 143-153; (c) P. S. Barber, S. P. Kelley, R. D. Rogers, RSC Adv. 2012, 2, 
8526-8530. 
 56 
22 T. Kawakami, E. Akiyama, K. Hori, Y. Nagase, T. Sugo, Trans. Mater. Res. Soc. Jpn. 
2002, 27, 783-786. 
23 S. Lowell, J. E. Shields, Powder Surface Area and Porosity, Springer Science & 
Business Media, 2013. 
24 I. Langmuir, J. Am. Chem. Soc. 1916, 38, 2221-2295. 
25 K. Krupka, D. Kaplan, G. Whelan, R. Serne, S. Mattigod, Washington, DC: US 
Environmental Protection Agency, 1999. 
26 (a) I.-H. Park, J.-M. Suh, Angew. Makromol. Chem. 1996, 239, 121-132; (b) A. 
Tripathi, J. S. Melo, RSC Adv. 2016, 6, 37067-37078; (c) P. Yang, Q. Liu, J. Liu, H. 
Zhang, Z. Li, R. Li, L. Liu, J. Wang, J. Mater. Chem. A 2017, 5, 17933-17942. 
27 (a) D. Li, S. Egodawatte, D. I. Kaplan, S. C. Larsen, S. M. Serkiz, J. C. Seaman, K. G. 
Scheckel, J. Lin, Y. Pan, Environ. Sci. Technol. 2017, 51, 14330-14341; (b) Y. Yue, 
R. T. Mayes, J. Kim, P. F. Fulvio, X.-G. Sun, C. Tsouris, J. Chen, S. Brown, S. Dai, 
Angew. Chem. Int. Ed. 2013, 52, 13458-13462. 
28 A. M. Deane, E. W. T. Richards, I. G. Stephen, Spectrochim. Acta 1966, 22, 1253-
1260. 
29 S. Amayri, T. Arnold, T. Reich, H. Foerstendorf, G. Geipel, G. Bernhard, A. Massanek, 
Environ. Sci. Technol. 2004, 38, 6032-6036. 
30 A. A. Mosquera, D. Horwat, A. Rashkovskiy, A. Kovalev, P. Miska, D. Wainstein, J. M. 
Albella, J. L. Endrino, Sci. Rep. 2013, 3, 1714. 
  
 57 
 
 
 
 
 
CHAPTER FOUR: 
SELECTIVE REMOVAL OF CESIUM AND STRONTIUM USING POROUS 
FRAMEWORKS FROM HIGH LEVEL NUCLEAR WASTE 
 
Note to Reader: Portions of this chapter have been previously published in Chem. 
Commun., 2016, 52, 5940-5942, and have been reproduced by permission of the Royal 
Society of Chemistry. 
4.1 Introduction 
Among all the potential radioactive contamination in nuclear waste, 
radioactive 137Cs and 90Sr are of particular concern. 137Cs (t1/2 = 30.17 years) is a strong 
beta–gamma emitter and 90Sr (t1/2 = 28.8 years) is a beta emitter and a large source of 
radiation.1a These two elements are major contributors to radioactivity and heat load 
(radiation), which create a major hurdle for long term storage of nuclear waste. 137Cs, in 
particular, dominates the radioactivity of the waste due to its solubility. Therefore, there 
is an urgent need to develop an efficient and economical process for the removal of 137Cs 
and 90Sr from the waste streams before their intended long-term storage.  
Several types of methods, including liquid–liquid extraction and ion-exchange by 
using solid-state adsorbent materials have been applied with varying degrees of 
success.1-3 Although the extraction method is preferable for systems with a high 
concentration of target ions, ion-exchange performs better in terms of capacity and 
selectivity where the target ion concentration is low.1a The amount of 137Cs and 90Sr in 
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nuclear waste streams is estimated to be ∼4.2 wt%, with much of the rest being bulk non-
radioactive components.1a As a result, selective capture of these ions in the presence of 
other competing ions or molecules is a significant challenge. Solid-state materials such 
as ion-exchange resins (e.g. resorcinol-formaldehyde)2 and titanosilicate zeolites 
(e.g. crystalline silicotitanate)3 were tested so far for effective removal of 137Cs and 90Sr 
from aqueous solutions, but there is room for improvement in terms of the total capacity, 
kinetics and selectivity. Among the new generation solid-state materials, metal-organic 
frameworks (MOFs) or porous coordination polymers (PCPs)4 and covalent organic 
frameworks (COFs)5 are viable candidates because of their structural diversity and 
chemical tunability. In particular, MOFs have been successfully utilized for a diverse set 
of ion-exchange experiments under different experimental conditions.4b,6 
With the advent of ultra-stable, easy to synthesize MOFs (e.g. UIO, UIO = 
University of Oslo,7 MIL series, MIL = material of lavoisier)8 it is fairly evident that these 
MOFs can be utilized under ‘real-life’ ion-exchange conditions. Herein, we report the 
Cs+ and Sr2+ ion exchange ability of a stable, highly porous MOF, namely MIL-101-SO3H, 
in aqueous solutions. The removal capabilities were tested at varying contact times, 
concentrations, pH levels, and in the presence of competing ions. We found that MIL-
101-SO3H has a high Cs+ and Sr2+ uptake both in the presence and absence of 
competing ions. 
4.2 Experimental Section 
 4.2.1 General Methods 
All chemicals were obtained from Sigma Aldrich, unless otherwise specified, with 
no further purification required before use. X-ray diffraction patterns were obtained on a 
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Rigaku MiniFlex II X-ray diffractometer with Cu Kα radiation. Measurements were taken 
between 2◦ and 50◦ at a step size of 0.02◦. The N2 sorption isotherms were collected using 
a Quantachrome Autosorb-iQ2 gas sorption analyzer at 77 K. The specific surface area 
was calculated by the Brunauer-Emmett-Teller (BET) method, with prior degassing at 
120◦C under dynamic vacuum for 16 hours. Deionized water used in all the experiments 
was obtained from a Barnstead Nano pure water purification system. The concentration 
of each sample was determined by a Perkin Elmer Optima 7300DV Inductively Coupled 
Plasma/Atomic Emission Spectrometer (ICP/AES) after appropriate dilution. Three 
emission lines were chosen for each element as a crosscheck for spectral interference. 
The calibration standards were matrix-matched in water. 
4.2.2 MOF Synthesis 
A mixture of monosodium 2-sulfoterephthalic acid (3.35 g, 12.5 mmol), CrO3 (1.25 
g, 12.5 mmol), and concentrated aqueous hydrochloric acid (0.8 mL, 12 M, 25 mmol) was 
dissolved in deionized water (25 mL) and then transferred to a Teflon-lined stainless steel 
autoclave. The solution was heated at 453 K for six days under the hydrothermal 
conditions. The reaction product was harvested by centrifugation and washed three times 
with deionized water (400 mL) and methanol (100 mL) followed by drying in air at room 
temperature. The green powder was purified in DMF at 120 °C for 24 hours followed by 
in a mixed solution of methanol and H2O at 120 °C for 24 hours. The obtained green 
microcrystalline powder of MIL-101-SO3Na(H) was post-synthetically treated in a mixed 
solution of diluted HCl (0.08 M) in methanol and water and was further treated in methanol 
and water to remove additional HCl. The resultant green solid was finally dried overnight 
at 120 °C under vacuum prior to further use.9 
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4.3 Results and Discussion 
MIL-101-SO3H was synthesized using a previously reported method and the phase 
purity and surface area were confirmed by powder XRD and BET surface area 
measurement, respectively (Figure 4.1). MIL-101-SO3H possesses a three-dimensional 
MTN type zeolite architecture with two types of similar mesoporous cages.8 The sulfonic 
acid groups are uniformly distributed throughout the MOF making them readily accessible 
for cation exchange without altering the structure of the MOF. We hypothesize that cation 
exchange will occur between the proton in the –SO3H groups and Cs+ and Sr2+ in 
aqueous solutions. 
 
 
Figure 4.1 (a) XRD pattern of MIL-101-SO3H: (black) simulated, (red) as-synthesized, 
(green) activated, and (blue) after ion-exchange; (b) N2 sorption isotherms of activated 
MIL-101-SO3H with a BET surface area of 1338 m2/g. 
 
A preliminary study was done on the sorption amount of Cs+ at increasing contact 
times. Figure 4.2 depicts the sorption amount as a function of time. It is evident from the 
graph that the sorption amount plateaus and reaches its maximum in 1440 minutes (24 
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hours) with a value of 453 mg/g. Figure 4.2 also depicts the decreasing Cs concentration 
as a function of time. The concentration of Cs+ ions in solution was decreased by 1397 
mg/L after a contact time of 24 hours. The MOF also shows structural stability after ion-
exchange. Powder XRD was used to analyze the sample after 24 hours in solution and 
the MOF retained the same peaks as the activated sample (Figure 4.1a). To achieve 
maximum removal, all further experiments were done at a contact time of 24 hours. 
 
 
Figure 4.2 Sorption amount (qe) (black) and Cs concentration (red) as a function of time. 
Conditions: 20 mg of MIL-101-SO3H was added to 5 mL of a 50 mM Cs+ solution. 
 
The optimum molar ratio of MIL-101-SO3H required for Cs+ and Sr2+ removal was 
also studied. Figure 4.3 shows that at a molar ratio of 4:1 (sorbent to Cs/Sr solution) Cs 
had 99.99% and Sr had 98.92% removal. This gives a particularly high Kd value of 
22,938.2 mL/g for Sr. The amount of Cs left in solution was undetectable thus giving us 
almost 99.999% removal and an incalculable Kd value. The lower saturation ratio of MIL-
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101-SO3H:Cs/Sr means that a lower amount of ion-exchange material is needed to 
achieve maximal adsorption, which is very cost effective in the long run. With these results 
all further experiments were performed at this molar ratio. With knowledge of the best 
conditions for MIL-101-SO3H to remove Cs and Sr from aqueous solutions, some real life 
application studies were then performed. 
 
 
Figure 4.3 Percent removal of Cs and Sr with increasing amounts of sorbent. Conditions: 
MIL-101-SO3H was added to 5 mL of a 1 mM Cs+ or a 1 mM Sr2+ solution for 24 hours. 
 
To test the effects of pH on the removal of Cs+ ions, 1 mM standard solutions were 
prepared with a pH of 3 and 10, respectively, and compared with the removal efficiencies 
obtained at neutral pH. Even with changes in pH, the percent removal of Cs was still 
relatively high, around 79% at pH 10 and 88% at pH 3, as shown in Table 4.1. Due to the 
alkalinity of the nuclear waste tanks, it is important to have a material that can withstand 
a high pH level. The lower uptake capacity at pH 10 can be attributed to NH4OH used to 
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alter the solution pH. While a negligible amount was used, NH4+ ions could have still 
competed in the ion-exchange process, inhibiting the amount of Cs+ that would have been 
removed. Although the qe and Kd values are lower, MIL-101-SO3H proves to be stable in 
a wide range of pH levels while still retaining Cs removal capabilities. 
 
Table 4.1 Effect of solution pH on Cs removal. 
pH % Removal qe (mg/g) Kd (mL/g) 
3 88.35 23.43 1896.04 
6 100 36.47 --- 
10 79.26 29.17 955.37 
 
Experiments were then conducted to test the Cs and Sr removal capabilities of 
MIL-101-SO3H in the presence of competing ions, such as Na+ and K+, both of which are 
present in large excess in nuclear waste streams. Experiment A involved only Cs+ removal 
in the presence of Na+ and K+. Experiment B tested only Sr2+ removal in the presence of 
Na+ and K+. Experiment C then tested all four ions simultaneously, to see which cation 
MIL-101-SO3H was most selective for. It is evident from Figure 4.4 that MIL-101-SO3H is 
much more selective towards Cs+ or Sr2+. For Experiments A and B, the percent removal 
of Cs+ and Sr2+ are both around 17%, while those of Na+ and K+ are less than 3%. 
The Kd values follow a similar trend, with Cs+ and Sr2+both having around 50 mL/g, while, 
Na+ and K+ fall under 10 mL/g. When all four ions are present, Experiment C, Sr2+ easily 
surpasses the other ions in percent removal and Kd values. Many ions are present in the 
nuclear waste tanks, therefore, the selectivity for Cs+ and Sr2+ ions over others is 
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imperative for the material to be effective. Compared to the resorcinol-formaldehyde 
resin, which has a Cs uptake of 0.06–0.08 mg/g,2 MIL-101-SO3H has a much higher 
uptake of 0.835 mg/g for Cs+ and 7.548 mg/g for Sr2+ under similar experimental 
conditions. 
 
 
Figure 4.4 Percent removal (top) and Kd values (bottom) of all ions in experiments A, B, 
and C. Conditions: 20 mg of MIL-101-SO3H was added to 5 mL of a 1 mM Cs+ and/or a 
1 mM Sr2+ solution doped with 100 mM Na+ and K+ for 24 hours. 
 
4.4 Conclusion 
To conclude, we used a high surface area porous framework, MIL-101-SO3H, to 
capture Cs+ and Sr2+ ions from aqueous solutions. MIL-101-SO3H was easily synthesized 
in bulk quantity and the structure was confirmed by XRD and the N2 sorption isotherm. 
MIL-101-SO3H was found to remove Cs+ and Sr2+ ions optimally at a contact time of 24 
hours and at a molar ratio of 4 : 1 (sorbent to Cs/Sr solution). The MOF still upheld 
removal capabilities at varied pH levels and in the presence of competing ions. This work 
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demonstrates that MOFs are sorbent materials worth investigating for nuclear waste 
remediation. Future work will be done to enhance the removal in the presence of 
competing ions and to explore other MOFs that can withstand highly alkaline solutions 
and are selective for Cs+ and Sr2+ ions. 
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CHAPTER FIVE: 
EFFICIENT MERCURY CAPTURE USING FUNCTIONALIZED POROUS ORGANIC 
POLYMER 
 
Note to Reader: Portions of this chapter have been previously published in Adv. Mater., 
2017, 29, 1700665, and have been reproduced with permission from John Wiley and 
Sons. 
5.1 Introduction 
Rapid industrial progress has become a byproduct of the recent advances in 
technology and the competitive nature of the research community. However, such 
innovations come with adverse effects as the growth of industry, with more coal-powered 
fuel stations and waste incinerators, consequently increases the release of toxic heavy 
metals into the environment.1 Mercury, Hg0 and Hg2+, is one of the most hazardous heavy 
metals being reported with more than 6000 tons emitted into the atmosphere per 
year.2 Mercury is uniquely dangerous due to the natural processes that convert the 
organic and inorganic forms of mercury into its highly volatile elemental form. This creates 
a constant cycle of mercury entering and reentering the atmosphere, soil, and water, 
ultimately accumulating in our food supply as methylmercury, a potent 
neurotoxin.3 Mercury exposure is the cause of many serious health issues for humans, 
including damage to the nervous system and lungs; also of concern are potential birth 
defects in expectant mothers after exposure.4 The threat of mercury has become a global 
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issue that has warranted intervention, with the Minamata Convention recently held to 
forge an agreement to reduce emissions from common anthropogenic sources such as 
coal burning, cement production, oil refining, and artisanal and small-scale gold 
mining.5 Until the emissions can be greatly reduced, it is imperative to develop new 
technologies to decrease the mercury found in the atmosphere and industrial wastewater 
run-off. 
The immediate need for remediation of toxic metals has spurred research interest 
in the field of materials design.6 Preliminary methods like ion-exchange resins were 
explored but were found to be expensive and ineffective.7 Further research employed the 
strong soft–soft interactions between the thiol group (-SH) and mercury,8 and much work 
has been done on thiol-functionalized adsorbent materials including clays,9 activated 
carbon,10 mesoporous silica,11 cross-linked polyethyleneimine,12 and others.13 However, 
these materials display low surface areas, small pore sizes, and a low density of functional 
groups. Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) offer 
an amenable design strategy to create a high density of chelating sites with promising 
uptake capacities but suffer from stability issues which inhibits their use in a wide range 
of conditions.8b,14 These limitations have necessitated the exploration of new adsorbent 
materials to enhance mercury capture and to create a viable option for real-world 
applications. 
Taking the aforementioned challenges into account, the use of porous organic 
polymers (POPs) has been investigated as a promising adsorbent for heavy metal 
decontamination. POPs are a burgeoning class of porous material, which offer structural 
diversity, tunable pore size, high surface area, and chemical stability.15 Pioneering work 
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done using a functionalized POP (PAF-1-SH) set the standard as a stable material for 
effective mercury decontamination; however, stoichiometric amounts of catalyst are 
required for the synthesis of the PAF-1 framework and a multistep post-synthetic 
modification is required, contributing to the impracticality in large-scale applications. In 
addition, the resulting material is microporous, which may lower the efficiency of 
wastewater treatment.16 To add applicability of the adsorbent material, there is a need for 
a cost-effective and simple method to synthesize a hierarchical porous organic polymer 
with a high density of chelating sites. 
To tackle these challenges a de novo strategy and a free radical polymerization 
method with readily available reagents are utilized to make a thiol functionalized POP, 
namely POP-SH. Using this method gives rise to an exceptionally high density of 
available chelating sites and it was found to have a high saturation uptake capacity of 
over 600 and 1200 mg/g (with an equilibrium concentration of 200 ppm) for Hg0 and Hg2+, 
respectively. The material was discovered to have rapid kinetics, reaching ppb level within 
10 min. Additionally, POP-SH was fully recyclable, stable at different pH values, and 
selective for mercury in the presence of other cations. This work reveals the promise of 
POPs as an adsorbent for mercury removal and potentially many other toxic metals 
detrimental to the environment. 
5.2 Experimental Section 
 5.2.1 General Methods 
 Commercially available reagents were purchased in high purity and used without 
further purification. 1H NMR spectra were recorded on a Bruker Avance-400 (400 MHz) 
spectrometer. Chemical shifts are expressed in ppm downfield from TMS at d=0 ppm, 
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and J values are given in Hz. 13C (100.5 MHz) cross-polarization magic-angle spinning 
(CP-MAS) was recorded on a Varian infinity plus 400 spectrometer equipped with a 
magic-angle spin probe in a 4-mm ZrO2 rotor. CHNS elemental analysis was performed 
on a Perkin-Elmer series II CHNS analyzer 2400. The gas adsorption isotherms were 
collected on a surface area analyzer, ASAP 2020. The N2 sorption isotherms were 
measured at 77 K using a liquid N2 bath. Scanning electron microscopy (SEM) image was 
performed using a Hitachi SU 8000. Transmission electron microscope (TEM) image was 
performed using a Hitachi HT-7700. TGA was carried out on a Q50 thermogravimetric 
analyzer under N2 atmosphere. ICP-OES was performed on a Perkin-Elmer Elan DRC II 
Quadrupole. ICP-MS was performed on a Perkin-Elmer Elan DRC II Quadrupole 
Inductively Coupled Plasma Mass Spectrometer. UV-Vis spectra were collected on a 
Jasco V-670 spectrophotometer. Raman spectra were recorded on a Renishaw inVia 
model confocal microscopy Raman spectrometer equipped with a germanium CCD 
camera detector using 785 nm radiation from a HeNe laser for excitation and a resolution 
of 4 cm-1. Laser power at the sample was estimated to be about 4 mW, and the focused 
laser beam diameter was 1 μm and the acquisition time was 10 s with accumulation 10 
times. X-ray photoelectron spectroscopy (XPS) experiments were performed in a 
commercial multi-chamber system (SPECS Nano Analysis Gmbh, Berlin, Germany) 
under ultrahigh vacuum conditions (2x10-10 mbar base pressure) with a glovebox attached 
for direct transfer of samples. Samples were prepared on indium substrates and 
characterized by XPS (Mg K, 1253.6 eV, 20 mA emission current) measurement. 
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5.2.2 Monomer Synthesis 
3,5-dibromobenzyl alcohol  3,5-dibromobenzaldehyde (5 g, 18.9 mmol) was 
dissolved in a mixture of ethanol (85 mL) and dichloromethane (85 mL). Sodium 
borohydride (1 g, 26.4 mmol) was subsequently added in 200 mg increments while stirring 
the solution. The final mixture was stirred at room temperature overnight and then 
evaporated under reduced pressure, producing a white solid. The solid was dissolved in 
dichloromethane and washed with deionized water to remove any produced salt. The 
organic layer was evaporated under reduced pressure, giving the title compound, which 
was used directly for the next step without further purification 1H NMR (400 MHz, d6-
DMSO, 298K, TMS): d 7.50 (t, 1H, J=1.6 Hz), 7.50 (d, 2H, J=2.0 Hz), 5.43 (s, 1H), 4.48 
(d, 2H, J=5.2 Hz) ppm.  
3,5-divinylbenzyl alcohol  3,5-dibromobenzyl alcohol (5.43 g, 20.4 mmol), 
potassium vinyltrifluoroborate (6.84 g, 51 mmol), and tetrakis(triphenylphosphine) 
palladium(0) (0.589g, 0.51 mmol) were dissolved in a mixture of THF (50 mL), toluene 
(50 mL), and deionized water (20 mL) under N2 atmosphere. The resulting mixture was 
refluxed at 90 °C under N2 atmosphere for 48 hr.  The product was extracted with ethyl 
acetate, washed with brine, dried over magnesium sulfate, and evaporated under reduced 
pressure. The crude product was purified by flash chromatography with ethyl acetate: 
hexane (1:5) as the eluent to give the title compound. 1H NMR (400 MHz, d6-DMSO, 
298K, TMS): d 7.41 (s, 1H), 7.31 (s, 2H), 6.69-6.75 (m, 2H), 5.84 (d, 2H, J=14.0 Hz) 5.25 
(d, 2H, J=7.6 Hz), 4.48 (d, 2H, J=4.4 Hz) ppm. 
3,5-divinylbenzyl chloride  Cyanuric chloride (5 g, 27.1 mmol) was stirred 
with dimethylformamide (10 mL) for three hours to form a complex. 3,5-divinylbenzyl 
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alcohol (3.2 g, 20.4 mmol) was dissolved in an excess of dichloromethane and added to 
the complex and stirred at room temperature overnight. The product was extracted with 
dichloromethane, washed with brine, and evaporated under reduced pressure. The crude 
product was purified by flash chromatography with ethyl acetate: hexane (1:10) as the 
eluent to give the title compound as a light yellow solid. Yield: 3.0 g (82.3%). 1H NMR 
(400 MHz, d6-DMSO, 298K, TMS): d 7.53 (s, 1H), 7.45 (d, 2H, J=1.6 Hz), 6.70-6.77 (m, 
2H), 5.90 (t, 2H, J=9.0 Hz) 5.31 (d, 2H, J=10.8 Hz), 4.74 (s, 2H) ppm.  
 5.2.3 Polymer Synthesis 
POP-SH To a solvothermal autoclave, 3,5-divinylbenzyl chloride (1 g) was 
added with azobisisobutyronitrile (25 mg) and dimethylformamide (10 mL). The autoclave 
was placed in an oven and heated to 100°C for 24 hours. The resulting product was 
collected by filtration, washed with acetone, and dried under vacuum to produce POP-Cl 
Following, POP-Cl (250 mg) and sodium hydrosulfide (1.3 g) were placed in a 100 mL 
Schlenk tube, with ethanol (50 mL) being introduced under N2 atmosphere and stirred at 
75°C for three days. The resulting product was collected by filtration, washed extensively 
with deionized water and ethanol, and dried under vacuum, producing POP-SH as a white 
powder. 
 5.2.4 X-ray Absorption Fine Structure (XAFS) Spectroscopy 
 Sample preparation and data collection To obtain a S:Hg ratio of five, 50 mg of 
POP-SH was stirred in 250 mL of Hg2+ aqueous solution (20 ppm) for 3 hrs. The mercury-
included material was then collected by filtration and dried under vacuum. POP-SH was 
diluted to approximately 33 % with urea. Approximately 20 – 25 mg of sample was 
enclosed within a nylon washer of 4.953 mm inner diameter (area of 0.193 cm2), sealed 
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on one side with transparent “Scotch” tape. The sample was pressed thoroughly by hand 
to form a firm, uniform pellet, then sealed on the open side with a second piece tape. 
XAFS spectra were collected at Stanford Synchrotron Radiation Lightsource 
(SSRL), Beamline 11-2. Spectra were collected at the Hg LIII-edge (12284 eV) in 
transmission mode. The X-ray beam was monochromatized by a Si(111) monochromator 
with higher order harmonics eliminated through a Rh-harmonic rejection mirror. Beam 
dimensions were 3 mm × 1 mm.  A HgCl2 standard prepared as powder-on-tape was 
used as the reference for energy calibration and was measured prior to collecting data 
for any experimental samples. The incident beam intensity (I0) and transmitted beam 
intensity (It) were measured by ionization chambers with 100% N2 gas composition. Data 
were collected in four regions, with all energies listed relative to the environmental Hg 
edge (12284 eV): -230 to -30 eV (10 eV step size, 0.25 s dwell time), -30 to -5 eV (5 eV 
step size, 0.5 s dwell time), -5 to 30 eV (1 eV step size), 3 Å-1 to 15 Å-1 (0.05 Å-1 step 
size), with dwell time increasing as a function of k from 2.0 s at 3 Å-1 to 16.0 s at 15 Å-1. 
Due to observance of minimal signal to noise, two scans were collected for each sample. 
All data were collected at room temperature. 
The data were reformatted using SixPack and then processed and analyzed, 
respectively, using the Athena and Artemis programs of the IFEFFIT package based on 
FEFF 6. Reference data were aligned to the first zero-crossing of the second derivative 
of the normalized μ® data, which was subsequently calibrated to the literature E0 for the 
Hg LIII-edge (12284 eV). Spectra were averaged in μ® prior to normalization. The 
background was removed, and the data were assigned an Rbkg value of 1.1.  
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EXAFS Fitting All data were fit simultaneously with k-weighting of 1,2, and 3, 
with the final refinement performed with k3-weighting. Structural parameters that were 
determined by the fits include the fractional contribution of the scattering path (defined 
such that the total contribution of all scatterers equaled 2), the change in half-path length, 
Reff (ΔRi), the relative mean square displacement of the scattering element (σ2i), the 
passive electron reduction factor (S02), and the energy shift of the photoelectron, (ΔE0). 
For each fit, the fit range (ΔR), data range (Δk), number of independent points (Nidp), 
number of variables (Nvar), degrees of freedom (ν), reduced chi-squared value (χν2), and 
R-factor ® are in Table 5.1. For each fit, the number of independent points was not 
permitted to exceed 2/3 the number of variables, adhering to the Nyquist criterion. 
 
Table 5.1. Data range and goodness-of-fit parameters for best fit models. 
Sample ΔR (Å) Δk (Å-1) Nidp Nvar ν χν2 R(%) 
POP-SH 1.5-3.0 3.8-14.8 10.3 6 4 6.9 1.3 
 
POP-SH POP-SH was fit with a model composed of two Hg-S scattering 
paths. With the degeneracy for each path fixed at 2, the S02 parameter was scaled by a 
fractional contribution variable (F) while the S02 parameter other scattering path was 
scaled by (1-F). Each scattering path was afforded its own variable for ΔR but shared a 
common parameter for σ2. In this manner, the data were analyzed in the most 
conservative manner capable of providing a reliable fit of the data. Final fit parameters 
are provided in Table 5.2. 
 
 75 
Table 5.2. Fitted parameters and refined Hg-S bond lengths for Hg-EXAFS data. 
Parameter POP-SH 
S02 0.88 ± 0.08 
ΔE0 5.4 ± 2.2 
F (%) 31 ± 5 
RS1 (Å)a 2.37 ± 0.01 
RS2 (Å)a 2.26 ± 0.02 
ΔRS1 (Å) 0.00 ± 0.01 
ΔRS2 (Å) -0.11 ± 0.02 
σ2 (×10-3 Å2) 2.1 ± 0.2 
 
5.3 Results and Discussion 
The aforementioned POP-SH was synthesized via free radical polymerization of 
3,5-divinylbenzyl chloride with azobisisobutyronitrile (AIBN), a free radical initiator, 
dissolved in dimethylformamide (DMF) and heated to 100 °C in a solvothermal autoclave 
for 16 hr. The thiol group cannot be incorporated into the monomer unit, as it is a free 
radical quencher; therefore, further treatment of the obtained solid is required with sodium 
hydrosulfide in ethanol under nitrogen, heated to 75 °C for 3 days, which gave the thiol-
functionalized polymer, POP-SH. 
To confirm the thiol conversion, solid-state 13C NMR studies and elemental 
analysis were performed. The 13C NMR spectra showed the chemical shift for the methyl 
chloride bond in POP-Cl at ~46 ppm. After conversion the peak was slightly shifted 
downfield to 30 ppm, indicative of the methyl sulfur bond of POP-SH (Figure 5.1).17 
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Through elemental analysis the sulfur content was found to be 16.3 wt%, corresponding 
to 5.09 mmol/g sulfur species. This value accounts for ~90% substitution of the chloride 
groups by thiol groups and is proposed to occur due to the high accessibility within the 
porous matrix. 
 
 
Figure 5.1 Solid-state 13C NMR spectra of POP-Cl and POP-SH. 
 
For the final amorphous product, nitrogen sorption isotherms were collected at 77 
K with the calculated Brunauer–Emmett–Teller (BET) surface area equaling 1061 
m2/g (Figure 5.2a). The hysteresis loop shown in the isotherms and the calculated 
nonlocal density functional theory (NLDFT) pore size distribution are indicative of the 
hierarchical porosity, from 1 to 10 nm, present in POP-SH that provides high accessibility 
to the chelating sites (Figure 5.2b). To further confirm the hierarchical porosity of POP-
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SH, scanning electron micrograph (SEM) and transmission electron micrograph (TEM) 
images were taken (Figure 5.2c,d). Thermogravimetric analysis revealed minimal weight 
loss below 300 °C corresponding to residual solvent loss, substantiating the high stability 
of POP-SH (Figure 5.3a). To confirm all the reactant was excluded, thermogravimetric 
analysis under air was performed, showing no remaining weight percentage (Figure 5.3b), 
indicating no sodium hydrosulfide remained in the final POP-SH sample. 
 
 
Figure 5.2 (a) Nitrogen sorption isotherms of POP-SH; (b) pore size distribution of POP-
SH; (c) SEM image of POP-SH (scale bar 1 µm); (d) TEM image of POP-SH (scale bar 
100 nm). 
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Figure 5.3 Thermogravimetric analysis plot of POP-SH. (a) Under nitrogen and (b) under 
air. 
 
 As a preliminary study, experimental work was done to determine the maximum 
uptake capacity of POP-SH to remove Hg2+ from an aqueous solution. The adsorption 
isotherm shown in Figure 5.4 displays equilibrium data obtained for 10 mL aqueous 
solutions with initial Hg2+concentrations ranging from 25 to 800 ppm after treatment with 
5 mg POP-SH. The equilibrium adsorption data were well fitted with the Langmuir model, 
with a correlation coefficient equal to 0.989. The uptake capacities for each point were 
calculated and the maximum was found to be 1216 mg/g, outperforming many previously 
reported materials.7-16 Furthermore, with only a simple conc. HCl washing POP-SH could 
be fully regenerated, achieving a similar uptake capacity of 1250 mg/g.  
The full retention of the uptake capacity is due to the stability of the framework and 
the thiol functionality, leading to no disulfide bond formation, which compromise the 
mercury removal performance. This is evidenced by the absence of the S–S stretching 
band at ~500 cm−1 in the Raman spectrum of the regenerated POP-SH sample (Figure 
5.5a).18 Based on the sulfur content of POP-SH, the theoretical uptake capacity was 
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Figure 5.4 Hg2+ adsorption isotherm for POP-SH. Inset shows the linear regression by 
fitting the equilibrium data with the Langmuir adsorption model. 
 
calculated to be 1018 mg/g. The increased capacity found experimentally can be 
attributed to the conjugated nature of POP-SH, resulting in cation–π interactions between 
the benzene rings of POP-SH and mercury cations. To further support this claim, UV–vis 
spectra have been collected and an apparent redshift was observed at the characteristic 
band ascribed to benzene after introduction of mercury (Figure 5.5b).19 
 Kinetic studies were performed on POP-SH in removing mercury from solutions, 
as rapid decontamination of heavy metals is vital for a material to have prospects in any 
practical applications. Beginning with a 200 mL 5 ppm solution of Hg2+, aliquots were 
taken at different time intervals following treatment with 20 mg of POP-SH and analyzed 
for their remaining Hg2+ concentrations (Figure 5.6a). Within 10 min the concentration 
was lowered to 1 ppb, already less than the US Environmental Protection Agency (EPA) 
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Figure 5.5 (a) Raman spectra of POP-SH and POP-SH@Hg; (b) UV-vis spectra of 
benzene and benzene@Hg2+. 
 
acceptable limit of 2 ppb,20 and after 3 hr the concentration was as low as 0.1 ppb, 
reaching the detection limit of the instrument. The experimental kinetic data were fit to a 
pseudo-second order kinetic model. From Figure 5.6b, the adsorption rate constant, k2, 
was found to be 10.76 g/mg·min, illustrating the rapid removal of mercury from aqueous 
solutions. Previous work has suggested applicability of pseudo-second order kinetics to 
adsorption by porous materials implies that the rate is limited by intraparticle 
diffusion.21 Therefore, the fast kinetics can be ascribed to the inherent properties of the 
material, namely the hierarchical porosity as well as the high density of chelating sites. 
Together these offer readily available thiol groups to bind with mercury. 
To quantify the affinity of an adsorbent for mercury, distribution coefficient (Kd) 
values were thus calculated based on the kinetic equilibrium data. For POP-SH, 
the Kd value was calculated to equal 5.5 × 108 mL/g, which is comparable to the best thiol 
functionalized adsorbents reported thus far, as seen in Figure 5.6c, with the added benefit 
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of simple synthetic procedures for large-scale applications. Though the metal sulfide 
materials demonstrate superior uptake capacities, they lack the ability to be recycled for 
multiple uses.13f,g It is interesting to note that even when the mercury solution was 
adjusted to pH levels of three and ten, under the same experimental conditions 
the Kd values were still as high as 2.1 × 107 and 1.3 × 106 mL/g, respectively. Both of 
 
 
Figure 5.6 (a) Hg2+ sorption kinetics of POP-SH; (b) adsorption of Hg2+ versus contact 
time using POP-SH. Inset: pseudo-second order kinetic plot; (c) comparison of 
Hg2+ saturation uptake amount and Kd value for POP-SH with other benchmark porous 
materials; (d) concentrations of metal ions after the breakthrough experiment with POP-
SH. 
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these values still indicate exceptional affinity toward mercury.10 The ability of POP-SH to 
successfully capture mercury at different pH values is important due to the varying acidity 
levels of the diverse wastewater composition. 
As a final marker for an adsorbent's capabilities, it must selectively remove 
mercury in the presence of other ions. Initial batch studies were performed with 200 mL 
of a 5 ppm solution containing Hg2+, Pb2+, Cd2+, Cu2+, Ca2+, Zn2+, Mg2+, and Na+ with 
nearly equal concentrations. After treatment with 20 mg POP-SH, not only was mercury 
removed with over 98% efficiency, but the other toxic metals—Pb2+, Cd2+, and Cu2+—
were also captured while the nontoxic ions were relatively unchanged (Table 5.3).  
 
Table 5.3 Selectivity results for POP-SH in mixed metal solution. 
 Hg Pb Cd Cu Ca Zn Mg Na 
Initial Concentration (ppm) 5.10 4.89 4.75 5.01 4.60 4.35 4.66 4.67 
Equilibrium Concentration (ppm) <0.1 <0.1 <0.1 <0.1 4.01 3.75 4.11 4.58 
Removal Efficiency (%) >98 >98 >98 >98 12.8 13.8 11.8 1.93 
 
To simulate a flow-through system, 100 mg of POP-SH was packed into a 1 mL 
syringe. The mixed metal solution previously made was passed through the syringe, 
controlled by a syringe pump at a rate of 1 mL/hr. Approximately 16 mL of solution was 
passed through and collected at 4 mL increments. As seen in Figure 5.6d, even after four 
successive runs, the toxic metals were dropped to ppb level while the nontoxic metals 
were minimally affected. Further testing of the mercury content revealed a residual 
concentration of 0.3 ppb, almost ten times lower than the EPA standard. These results 
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can be attributed to the soft–soft interactions between the thiol group and the soft metal 
cations, Hg2+, Cd2+, and Cu2+, and borderline Pb2+,8a further confirming the importance of 
the thiol functionality on the POP. 1 ppm mercury spiked solutions (100 mL) of ground 
and potable water were also tested. After 30 min of treatment with 10 mg of POP-SH the 
concentration was dropped to 0.44 and 0.25 ppb, respectively, demonstrating the true 
applicability of POP-SH for water treatment. 
With such promising results for POP-SH to remove mercury from various aqueous 
solutions, its ability to remove mercury by vapor adsorption was also examined. One of 
the main causes of mercury release into the environment is from industrial flue gas. 
Previous adsorbents were unable to withstand such harsh conditions, but with the high 
stability of POP-SH this issue is circumvented.22 Following a previously reported 
procedure,14e elemental mercury was placed in a small vial surrounded by the material; 
the apparatus was then sealed and heated to 140 °C. After 8 days the adsorbent was 
removed, dissolved in aqua regia, and analyzed by inductively coupled plasma-optical 
emission spectrometry (ICP-OES) for its mercury content. It was found that POP-SH 
achieved a Hg0 uptake capacity of 630 mg/g, greatly outperforming a thiol-functionalized 
MOF (83.6 mg/g)14e and activated carbon (47 mg/g, BET = 1011 m2/g) under identical 
conditions. The ability of POP-SH to retain thiol functionality and mercury capture at 
elevated temperatures highlights its possibilities in many applications. 
The performance seen for POP-SH in capturing mercury under diverse conditions 
is due to the strong binding interactions between the thiol group in POP-SH and mercury, 
confirmed by X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy studies. 
XPS samples were prepared following a previously reported procedure.23 The S 2p core 
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level emissions revealed at ~168 eV, for pristine POP-SH and POP-SH@Hg. The peak 
slightly shifts and becomes more symmetrical, compared to POP-SH, which indicates the 
sulfur was bound to the mercury in POP-SH@Hg (Figure 5.7a,b). The Hg 4f spectrum 
has a doublet resulting in 4f7/2 and 4f5/2 peaks at 110 and 106 eV, respectively (Figure 
5.7c).24 Additionally, the Raman spectrum of POP-SH@Hg displayed peaks at 276 and 
290 cm−1, associated with the Hg–S stretching vibrations (vs = 276 and vas = 290 cm−1) 
(Figure 5.5a) further confirming the coordination between sulfur and mercury.25  
 
 
Figure 5.7 S 2p core level high-resolution XPS spectra of (a) POP-SH (red), (b) POP-
SH@Hg (black), and (c) Hg 4f core level high-resolution XPS spectra for POP-SH@Hg 
(green). 
 
To achieve further understanding of the mercury-thiol coordination environment 
within the porous framework, the Hg LIII-absorption edge (12.284 keV) of POP-SH@Hg 
was analyzed using XAFS spectroscopy. The fit of the extended XAFS (EXAFS) data 
obtained for POP-SH@Hg is shown in Figure 5.8. Importantly, fits to Hg-O26 and Hg-Cl 
were significantly inferior to Hg-S models, which suggest neither precipitation of HgO nor 
nonspecific adsorption of the Hg starting material occurs. Two Hg-S scattering paths were 
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required, with 69% and 31% contribution at 2.37 and 2.26 Å, respectively, providing the 
best fit for POP-SH@Hg. A multimodal distribution of Hg–S distances is anticipated for 
an amorphous material with a rigid polymeric backbone in conjunction with flexible benzyl 
thiols. The cooperative interplay of the variation in structural constraints contributes to the 
overall robustness of POP-SH and its high mercury adsorption capacity. 
 
 
Figure 5.8 (a) Fourier transform of the Hg LIII-edge EXAFS spectrum of POP-SH in R-
space fit with two Hg-S scattering paths; (b) EXAFS spectrum of POP-SH in k-space fit 
(black trace) with two Hg-S scattering paths. Gray dashed lines indicate the fit window. 
 
5.4 Conclusion 
This study explored the use of a functional porous organic polymer, POP-SH, for 
its ability to remove mercury for environmental remediation purposes. POP-SH 
demonstrated exceptionally high Hg0 and Hg2+ uptake capacities of 630 and 1216 mg/g, 
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respectively. Efficient mercury removal was rapid due to the hierarchical pore structure 
and readily available thiol groups, which resulted in high concentrations of mercury being 
reduced to ppb level within minutes. Furthermore, POP-SH was fully recyclable, stable at 
a broad pH range, and highly selective for mercury in the presence of other cations. These 
results demonstrate the feasibility of POPs as adsorbent materials for heavy metal 
capture in several applications from wastewater run-off to industrial flue gas. 
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CHAPTER SIX: 
LOWER ACTIVATION ENERGY FOR CATALYTIC REACTIONS THROUGH HOST-
GUEST COOPERATION WITHIN METAL-ORGANIC FRAMEWORKS 
 
Note to Reader: Portions of this chapter have been previously published in Angew. 
Chem. Int. Ed. 2018, 57, 10107-10111, and have been reproduced with permission from 
John Wiley and Sons. 
6.1 Introduction 
Catalysis has long been the driving force in facilitating improvements to chemical 
reactions. Its impact is seen in the development of new systems that would otherwise not 
occur, and in the improvement of current processes for incorporation into the industrial-
scale.1 Traditional catalysis employs a single substrate, which works to lower the energy 
barrier for the reacting species to more efficiently interact.2 While these catalysts have 
enhanced a nearly endless number of reactions, there is still room for improvement with 
regards to activity, selectivity, and reusability. Confinement and cooperativity are 
important design principles used by nature to optimize the catalytic activity of enzymes. 
In these biological systems, complicated organic compounds can be catalytically 
constructed in a confined pocket. By utilizing multiple active residues they work in a 
concerted manner to allow metabolic processes to proceed with minimal energy input 
(Figure 6.1).3 Integration of multiple catalytically relevant functionalities into a confined 
nano-space has recently emerged as a strategy to tailor and enhance properties far 
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beyond that of the individual parts.4 This is however only feasible if the combined 
distribution and inter-site distance allows for a concerted catalytic mechanism. This 
remains an ongoing challenge in the field of catalysis.  
 
 
Figure 6.1 Activation energy diagram with representative catalytic systems. 
 
A recent material design approach involves polymer inclusion within porous 
materials, which has already been implemented in numerous applications ranging from 
acid catalysis5 to ion exchange for precious metal recovery.6 Our group previously 
employed this strategy within a covalent organic framework (COF) to demonstrate the 
enhanced catalytic activity for the chemical fixation of carbon dioxide into epoxides to 
form cyclic carbonates.7 This process uses one of the top greenhouse gases as a carbon 
feedstock in a 100% atom-economical reaction; not only removing carbon dioxide but also 
providing it a function, rather than traditional approaches of underground adsorption.8 It 
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was found that due to the absence of binding, the linear ionic polymer threaded with high 
flexibility enables the catalytic component therein and the Lewis acid sites anchored on 
the COF wall worked in a concerted manner, outperforming the individual components 
and many benchmark catalysts for this reaction.7 Another class of advanced materials 
that have shown potential for cooperative use in catalysis is metal-organic frameworks 
(MOFs),9 which are characterized by their diverse structures, tunable pore sizes, and high 
surface areas.10 These properties have led to their use in a range of applications such as 
gas storage and separation,11 optoelectronics,12 and catalysis.13 The functional space 
within the pores of MOFs provides ideal conditions for catalytic reactions, thus they have 
been used extensively in heterogeneous catalysis for many common reactions.14 The 
modularity that comes with MOFs stems from the expansive list of metal centers/clusters 
and organic ligands. By judiciously selecting the building blocks, a microenvironment is 
created to aid the targeted catalytic process such as the aforementioned cycloaddition of 
CO2 with epoxides. 
This reaction has been widely used to demonstrate the activity of several catalysts, 
in particular for MOFs as the unsaturated metal centers provide Lewis acid sites to 
activate the epoxide ring.15 This removes the need for an extra metal doping step that 
purely organic materials require.7 However, in most cases a molecular co-catalyst is 
required for MOF systems, which complicates the separation process due to its 
homogeneous nature. To help prevent this, further research has integrated nucleophilic 
functional groups onto the framework of the MOF to promote the epoxide ring opening.16 
While this has been relatively successful, the rigid structure of the MOF reduces the 
freedom of the active sites to cooperate with each other. With the success of our previous 
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COF work, we wanted to investigate further why a cooperative method is advantageous 
over earlier efforts. To do so, a quantitative approach was taken to determine the effect 
adding a cooperative MOF catalyst has on the activation energy of a reaction. Presented 
here is the utilization of free radical polymerization to produce a linear ionic polymer (IP) 
within the pores of a well-known MOF, MIL-101. MIL-101 was selected due to its 
characteristically large surface area, two types of mesoporous cages, high stability, and 
the open metal sites of the chromium(III) metal center.17 In particular, the large 
mesopores, with a total pore volume of 1.46 cm3/g, allow for the polymer to move freely 
within the MOF while also giving access to the reactants to enter. Furthermore, the halide 
ions on the linear polymer eliminate the need for a molecular co-catalyst. The halide ions 
successfully cooperate with the Cr (III) Lewis acid sites of MIL-101 to efficiently fixate 
carbon dioxide with epoxides to form the desired cyclic carbonates. This will lower the 
energy barrier required for this reaction, thus giving potential for future large-scale 
processes. 
6.2 Experimental Section 
 6.2.1 General Methods 
All reagents were commercially available and purchased in high purity. These were 
used without further purification. Powder X-ray diffraction patterns were collected on a 
Bruker AXS D8 Advance A25 Powder X-ray diffractometer (40 kV, 40 mA) using Cu Kα 
(λ=1.5406 Å) radiation. The gas adsorption isotherms were collected on a surface area 
analyzer, ASAP 2020. The N2 sorption isotherms were measured at 77 K using a liquid 
N2 bath. The CO2 sorption isotherms were measured at 273 K with an ice bath and 298 
K with a water bath. Scanning electron microscopy (SEM) images were collected using a 
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JSM-7600F (JEOL, Japan) or a Hitachi SU 8010. X-ray photoelectron spectroscopy 
(XPS) spectra were performed on a Thermo ESCALAB 250 with Al Ka irradiation at θ=90° 
for X-ray sources, and the binding energies were calibrated using the C1s peak at 284.9 
eV. Thermogravimetric analysis was carried out on a Q50 thermogravimetric analyzer 
under N2 atmosphere. Br elemental analyses were performed by flask combustion 
followed by ion chromatography on a Metrohm 790 Personal IC. 1H NMR and 13C NMR 
spectra were recorded on a Bruker Avance-400 (400 MHz) spectrometer. Chemical shifts 
are expressed in ppm downfield from TMS at d=0 ppm, and J values are given in Hz. 13C 
(100.5 MHz) cross-polarization magic-angle spinning (CP-MAS) was recorded on a 
Varian infinity plus 400 spectrometer equipped with a magic-angle spin probe in a 4-mm 
ZrO2 rotor.  
6.2.2 Materials Synthesis 
MIL-101 Cr(NO3)3·9H2O (1 g, 2.5 mmol) and terephthalic acid (0.415 g, 2.5 
mmol) were added to 10 mL of deionized water. The solution was well blended with brief 
sonication and the mixture turned a deep blue color. The solution was transferred to a 
hydrothermal autoclave and heated to 200 °C for 24 hr. The solution was allowed to cool 
and the solid product was filtered out. To eliminate any unreacted starting material from 
the pores, the solid was then placed in 200 mL of DMF, heated at 100 °C, and stirred for 
24 hr. The solid was then stirred in 200 mL of ethanol at room temperature for 16 hr to 
remove DMF from the pores. The final green product was filtered and dried under vacuum 
at 50 °C. 
3-ethyl-1-vinyl-1H-imidazol-3-ium bromide 1-Vinylimidazole (5 g, 53.1 mmol) 
was added to a solution of bromoethane (5 mL, 67.0 mmol) and acetone (20 mL). The 
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mixture was heated to 60 °C for 48 hr, then cooled to room temperature. A solid product 
was precipitated out in ether and was then filtered and dissolved in the minimum amount 
of methanol. This process was repeated twice, and the final product was obtained by 
evaporation under reduced pressure. 1H NMR (400 MHz, d6-DMSO, 298K, TMS): d 9.53 
(s, 1H), 8.19 (s, 1H), 7.94 (s, 1H), 7.25-7.31 (m, 1H), 5.70-5.75 (m, 1H), 5.92-5.97 (m, 
1H), 5.38-5.41 (m, 1H), 4.18-4.24 (m, 2H), 1.43 (t, 3H, J= 7.4 Hz) ppm. 13C NMR (100 
MHz, D2O, 298K, TMS): 14.22, 45.12, 109.12, 119.31, 122.43, 128.19 ppm. 
Ionic Polymer In a 50 mL Schlenk tube, 3-ethyl-1-vinyl-1H-imidazol-3-ium 
bromide (500 mg, 2.48 mmol), azobisisobutyronitrile (AIBN) (25 mg, 0.152 mmol), and 
ethanol (5 mL) was stirred at 80 °C under N2 atmosphere for 16 hr. The solution was 
cooled, and the product was slowly added dropwise to 100 mL of acetone while stirring. 
After full product formation, the product was filtered and dried under vacuum at 50 °C. 1H 
NMR (400 MHz, D2O, 298K, TMS): d 7.47-7.62, 4.13, 2.50, 1.42 ppm. 13C NMR (100 MHz, 
D2O, 298K, TMS): 14.01, 30.27, 40.26, 45.82, 120.46, 123.76, 134.60 ppm. 
MIL-101-IP MIL-101 (200 mg) and 3-ethyl-1-vinyl-1H-imidazol-3-ium bromide 
(100 mg) were added to 4 mL of DMF and stirred at room temperature for 16 hr. 
Azobisisobutyronitrile (25 mg) in DMF (500 μL) was added to the solution and heated to 
80 °C under N2 atmosphere for 24 hr. The solution was allowed to cool completely and 
azobisisobutyronitrile (25 mg) in DMF (500 μL) was once more added to the solution and 
heated to 80 °C under N2 atmosphere for 48 hr. After cooling, the product was filtered 
and washed with DMF and excess acetone. The final product was filtered and dried under 
vacuum at 50 °C. 
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IP leached from MIL-101-IP MIL-101-IP (200 mg) was placed in 10 mL of 
DIW and the solution was heated to 80 °C for three days. The solution was cooled and 
centrifuged to collect the supernatant, followed by evaporation under reduced pressure 
to produce the IP. 1H NMR (400 MHz, D2O, 298K, TMS): d 7.34-7.62, 4.14, 2.50, 1.43 
ppm. 13C NMR (100 MHz, D2O, 298K, TMS): 14.03, 14.28, 30.27, 40.50, 45.86, 120.09, 
123.76, 134.84 ppm. 
PCN-333 AlCl3·6H2O (200 mg, 0.828 mmol) and 4,4′,4″-s-Triazine-2,4,6-triyl-
tribenzoic acid (H3TATB) (50 mg, 0.113 mmol) were dissolved in DMF (10 mL). Following, 
trifluoroacetic acid (1 mL) was added and the solution was transferred into a solvothermal 
autoclave. After heating at 135 °C for 48 hr, the product was allowed to cool and solvent 
exchange was performed with fresh DMF and acetone. The final product was obtained 
after centrifugation and drying under vacuum at 50 °C. 
PCN-333-IP The same procedure was followed for MIL-101-IP, except PCN-333 
was used instead of MIL-101. 
6.2.3 Catalytic Tests 
A typical procedure for a cycloaddition reaction was carried out in a 50 mL Schlenk 
tube equipped with a magnetic stir bar.  For a typical run, the epoxide (1.0 g) and catalyst 
were introduced into the tube and the tube was vacuum-sealed and then purged with CO2 
by the addition of a balloon. The tube was then placed in a preheated oil bath and allowed 
to stir for a designated time frame. The catalyst was separated by filtration and the product 
was analyzed by 1H NMR. 
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6.3 Results and Discussion 
To achieve this, MIL-101 was prepared following a modified reported procedure.18 
To incorporate the ionic polymer within the pores, the monomer and MIL-101 were stirred 
in DMF overnight. Following this, a free-radical initiator, azobisisobutyronitrile (AIBN), was 
introduced into the system to induce polymerization resulting in MIL-101-IP (Figure 6.2). 
The polymerization procedure was confirmed by 1H and 13C NMR. The IP was leached 
from a sample of MIL-101-IP and the supernatant was analyzed by NMR. The spectra 
mirror that of the pure IP synthesized in solution, specifically lacking peaks in the 1H NMR 
between 5.5-7.0 ppm corresponding to the vinyl groups of the monomer. To further 
characterize the composite material, powder X-ray diffraction (PXRD) was used to 
confirm the retention of the crystalline nature of the host after reaction. The diffraction 
pattern reflects that of the original MIL-101 sample (Figure 6.3a).  
 
 
Figure 6.2 MIL-101-IP with the polymer entrapped within the pores. 
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Another important aspect to consider is whether porosity is retained to allow space 
for the epoxide and resulting cyclic carbonate to move in the system. To determine this, 
nitrogen sorption measurements were collected at 77 K and the Bruanuer-Emmett-Teller 
(BET) surface area was calculated to be 2232 m2/g, demonstrating a minimal drop 
compared to pristine MIL-101 with a surface area of 2610 m2/g (Figure 6.3b). Carbon 
dioxide sorption measurements were also collected with only a slight decrease in uptake 
observed compared to the original MIL-101 sample (Figure 6.4). To gain a better 
understanding of the entrapment of the polymer within MIL-101, scanning electron 
microscopy (SEM) images were collected, with negligible changes in morphology, 
indicating the ionic polymer is included within the pores of MIL-101 and not on the surface 
(Figure 6.3c,d). X-ray photoelectron spectroscopy (XPS) was utilized to obtain the N 1s 
spectra. As evidenced from Figure 6.3e, MIL-101 has no visible peak while MIL-101-IP 
has a distinct peak at 401 eV, corresponding to the tertiary nitrogen of imidazole in the 
polymer.19 Thermogravimetric analysis (TGA) corroborates the presence of the ionic 
polymer within the pores, with a 10% weight loss for MIL-101-IP at ~300 °C that is not 
evidenced for pristine MIL-101 (Figure 6.3f). At this temperature the ionic polymer is not 
thermally stable and is no longer present in the system. To further quantify how much of 
the ionic polymer is present within the composite material, elemental analysis was 
performed. It was found to have a Br species content of 5.0 wt%, which corresponds to 
12.6 wt% of the ionic polymer or 0.625 mmol/g.  
After confirming the inclusion of the ionic polymer within the channels of MIL-101, 
the composite material was used to catalyze the conversion of epichlorohydrin to its cyclic 
carbonate form using carbon dioxide as the C1 source. As seen from Table 6.1, MIL-101-  
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Figure 6.3 Characterization methods for MIL-101 (black), MIL-101-IP (red), and IP (blue). 
(a) Powder X-ray diffraction patterns; (b) nitrogen sorption isotherms; (c and d) SEM 
images of MIL-101 and MIL-101-IP, respectively (scale bars 100 nm); (e) XPS spectra of 
N 1s; (f) thermogravimetric analysis plots. 
 
 
Figure 6.4 CO2 sorption isotherms for MIL-101 (black) and MIL-101-IP (red) at (a) 273 K 
and (b) 298 K. 
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IP has essentially full conversion of the reactant under relatively mild conditions. This 
greatly outperforms the individual components, which only have 3 and 32% conversion 
for the ionic polymer and MIL-101, respectively. 
 
Table 6.1 Cyclic carbonate yield through cycloaddition of CO2 into epichlorohydrin.a 
Catalyst Yield (%) 
MIL-101-IPb 99 
Ionic Polymerc 3 
MIL-101d 32 
MIL-101 + IPe 80 
a Reaction conditions: epichlorohydrin (1 g, 10.5 mmol) at 50 °C under 1 atm CO2 for 68 hr. b 50 mg of 
MIL-101-IP (0.0313 mmol Br-). c 6.3 mg of IP (0.0313 mmol Br-). d 50 mg of MIL-101. e Physical mixture of 
43.7 mg MIL-101 and 6.3 mg IP (0.0313 mmol Br-). 
 
 With the ionic polymer threaded in the pores, the Lewis acid sites of the metal 
center of the MOF and the nucleophilicity of the halide ions of the polymer cooperatively 
interact to significantly enhance the performance. Specifically, the Lewis acid site of the 
MOF works to activate the epoxide, then the nucleophile of the polymer, which is in close 
proximity, opens the ring. This process allows carbon dioxide to insert itself and as the 
ring closes the cyclic carbonate product is formed. Further runs were completed with a 
physical mixture of the ionic polymer and MIL-101, with a higher yield than the individual 
parts, but still lower than the composite at the same conditions. This lower performance 
may be due to the ionic polymer coiling, blocking some of its active sites and preventing 
it from fully entering the pores of MIL-101. This further demonstrates the importance of 
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polymerization within the material, to keep the polymer trapped within the pores for full 
activity. Along with the solid state, this property also attributes to the reusability of the 
composite, allowing for easy separation and recycling for at least four cycles with minimal 
loss in performance, reaching 94% conversion under the same conditions, and retention 
of the catalyst’s structural integrity and inclusion of the polymer after use (Figure 6.5). 
 
 
Figure 6.5 Characterization of recycled MIL-101-IP. (a) Powder X-ray diffraction pattern; 
(b) nitrogen sorption isotherms at 77 K with a BET surface area of 1928 m2/g; (c) SEM 
image (scale bar denotes 1 μm); (d) XPS spectra of N 1s for recycled MIL-101-IP (red) 
compared to fresh MIL-101-IP (black). 
 
Many catalytic systems are hindered by their inability to convert large, bulkier 
epoxides into their cyclic carbonate forms, due to smaller pore sizes.20 With the 
mesoporous nature of MIL-101 and the retention of a high surface area after incorporation 
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of the ionic polymer, MIL-101-IP is not limited with regards to the size and shape of the 
epoxide. As evidenced by Table 6.2, the composite is successful for multiple epoxides  
with high conversion for all. This is even true for glycidyl phenyl ether (Table 6.2, entry 5), 
a large, rigid epoxide with a bulky phenyl group, obtaining 91% conversion at 80°C in just 
24 hr. Advantageously, the pore channels are large enough to enclose the ionic polymer 
while also allowing epoxide groups to enter and cyclic carbonates to exit as the final 
product. 
 
Table 6.2 Cyclic carbonate yield through cycloaddition of CO2 into various epoxides.a 
Entry Epoxide Product Time (hr) Temp. (°C) Yield (%) 
1   48 25 99 
2   48 25 95 
3   72 50 94 
4   48 50 99 
5   24 80 91 
a Reaction conditions: epoxide (1 g) with MIL-101-IP (50 mg) under 1 atm CO2. 
 
To further investigate the efficiency of MIL-101-IP as a catalytic system, kinetic 
studies were performed at 25 °C and 40 °C under regular conditions. As demonstrated in 
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Figure 6.6a, the conversions at both temperatures steadily increase over time and follow 
a first-order reaction21 (Figure 6.6c) with rate constants of 0.0115 and 0.0394 s-1 for 25 
°C and 40 °C, respectively. When comparing to the physical mixture (MIL-101 + IP) under 
the same conditions (Figure 6.6b,d), the kinetics are similar at the higher temperature 
(0.0394 vs. 0.0411 s-1), however, the real difference lies in the rates at room temperature, 
with the composite material’s rate constant almost double that of the physical mixture 
(0.0115 vs. 0.00699 s-1). This indicates that much more energy is required for the physical 
mixture compared to the composite to obtain the same conversion results. 
 
 
Figure 6.6 Kinetic rates of epichlorohydrin conversion. (a) MIL-101-IP and (b) MIL-101 + 
IP; first order reaction rate plots (R2>0.99 for all) of (c) MIL-101-IP and (d) MIL-101 + IP 
at 25 °C (orange) and 40 °C (blue). 
 
From the kinetic results for MIL-101-IP and MIL-101 + IP the activation energies 
were thus calculated, with the physical mixture demonstrating an activation energy ~50% 
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higher than that for the composite (91.6 vs. 63.6 kJ/mol). This further indicates the 
advantages of including the ionic polymer within the pores of MIL-101; with the intrinsic 
cooperation of the active sites reducing the energy barrier present to catalyze the 
conversion of epoxides with carbon dioxide to their cyclic carbonate forms. 
This method is not limited to only MIL-101 and can be applied to other catalytically 
active MOFs such as PCN-333.22 Following a similar synthetic procedure, the ionic 
polymer was successfully entrapped within the pores of PCN-333 (Figures 6.7-6.9).  
 
 
Figure 6.7 Characterization methods for PCN-333 (black), PCN-333-IP (red), and IP 
(blue). (a) Powder X-ray diffraction patterns; (b) nitrogen sorption isotherms at 77 K with 
BET surface areas of 2586 and 1325 m2/g for PCN-333 and PCN-333-IP, respectively; 
(c) thermogravimetric analysis plots; (d) 13C MAS NMR spectra. The additional peak at 
14.3 ppm corresponds to the free methyl group, while the peak at 45.6 ppm is associated 
with the nitrogen bonded carbons and the polymerized vinyl groups of the ionic polymer. 
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Figure 6.8 CO2 sorption isotherms for PCN-333 (black) and PCN-333-IP (red) at (a) 273 
K and (b) 298 K. 
 
 
Figure 6.9 XPS for PCN-333 (black) and PCN-333-IP (red). (a) N 1s spectra (the peak at 
396.9 eV corresponds to the triazine unit of PCN-333, while the peak at 399.9 eV belongs 
to the tertiary nitrogens in the imidazole of the ionic polymer); (b) Br 3d spectra. 
 
Elemental analysis was then employed to quantify the exact amount of polymer 
assimilated into PCN-333, with a Br- content of 7.6 wt%, equivalent to 19.2 wt% or 0.951 
mmol/g of the ionic polymer. After confirmation of the ionic polymer within PCN-333, 
epichlorohydrin was used as the model epoxide to investigate conversion. Compared to 
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a physical mixture of PCN-333 and the IP, the composite had much higher yields, 
reaching 42% compared to only 15% after 96 hr at 50 °C (Figure 6.10), following a similar 
trend of that seen for MIL-101-IP. Further, with an increase in temperature to 80 °C we 
see a drastic effect on the yield, achieving a conversion of 92% within 72 hr. These results 
demonstrate the applicability of this method for other MOF systems and the potential to 
modify the structure based on specific needs for different functions. 
 
 
Figure 6.10 (a) Kinetic results for PCN-333-IP (black) and PCN-333 + IP (red) at 50 °C; 
(b) first-order reaction rate plot. R2>0.99 for both with rate constants of 0.00635 s-1 and 
0.00201 s-1, respectively. 
 
6.4 Conclusion 
By integrating two species with catalytically active components, the advantages of 
both can be incorporated into one composite material to successfully catalyze the fixation 
of carbon dioxide into epoxides to form cyclic carbonates. This work resulted in high 
conversions for the model epoxide, epichlorohydrin, under mild conditions, outperforming 
the individual parts and a physical mixture of both. The advantages continue with the 
heterogeneous nature of the composite allowing for recycling with almost full yields 
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achieved after four cycles. The mesoporous nature of the MOF chosen also enables 
large, bulky epoxides to be converted with high yields, therefore not limiting the composite 
material’s usage. The intrinsic cooperation of the Lewis acid sites on the MOF and 
nucleophilic halide ions on the ionic polymer, work in a synergistic manner, lowering the 
energy barrier required when compared to the physical mixture. This makes the reaction 
more energy efficient, with potential to evolve into industrial-scale reactions. This design 
strategy has been shown to be successful in multiple applications and allows for 
modulation regarding which MOF can be used, as demonstrated by creating the same 
system with PCN-333 with promising results. This work progresses the current research 
for composite materials and gives a new outlook on the potential for MOFs to improve 
their catalytic performance. 
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The most common procedures for permission requests are outlined below.
A number of publishers have opted out of receiving express permissions as long as they fall under the rules of the STM Permission Guidelines
(http://www.stm­assoc.org/copyright­legal­affairs/permissions/permissions­guidelines).
If they do not fall into the category above, the majority of publishers now use RightsLink from the Copyright Clearance Center (CCC) to process
their requests.
Other publishers have their own permission request forms and/or specify what information they need to process any permission request.
Acknowledgements
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If the publisher/copyright owner does not have a specific procedure please complete and submit the ‘permission request form for non­RSC materia
(/globalassets/05­journals­books­databases/journal­authors­reviewers/licenses­copyright­permissions/ag­gc­permission­request­form­for­non­rsc­material.pdf)l’ form. Send the form to the
permission administrator or editor of the relevant publication.
If the copyright owner has opted to publish under a Creative Commons licence, licensees are required to obtain permission to do any of the things
with a work that the law reserves exclusively to a licensor and that the licence does not expressly allow. Licensees must credit the licensor, keep
copyright notices intact on all copies of the work, and link to the license from copies of the work.
In all cases the following rights need to be obtained.
Permission is required to include the specified material in the work described and in all subsequent editions of the work to be published by the Royal
Society of Chemistry for distribution throughout the world, in all media including electronic and microfilm and to use the material in conjunction with
computer­based electronic and information retrieval systems, to grant permissions for photocopying, reproductions and reprints, to translate the material
and to publish the translation, and to authorise document delivery and abstracting and indexing services.
Please note that the Royal Society of Chemistry is also a signatory to the STM Permission Guidelines.
Using material published by the Royal Society of Chemistry in material for another publisher
If you require permission to use material from one of our publications or website in a publication not owned by us, and you are not the author of our
publication, the following procedures should be followed.
Before sending in any request you should check that the material you wish to reproduce is not credited to a source other than the Royal Society of
Chemistry. The credit for an image will be given in the caption of the image or sometimes in the list of references. 
Please plan to submit your request well ahead of publication of your material. Please note that we are unable to supply artwork for the material you may
wish to reproduce. 
 
Reproducing material from a Royal Society of Chemistry journal
To request permission to reproduce material from a Royal Society of Chemistry journal please go to the Copyright Clearance Center. Please note that
for open access articles published under a CC­BY licence no formal permission is needed as long as the reproduction includes a full acknowledgement
to the Royal Society of Chemistry article. For open access articles published under a CC BY­NC article formal permission is needed to reproduce the
material commercially, including but not limited to, all publishers.
Reproducing material from other Royal Society of Chemistry publications
If you are reproducing material from a Royal Society of Chemistry book, education or science policy publication or a Royal Society of Chemistry website
you must complete and submit the online permission request form (http://www.rsc.org/publishing/Copyright/permissionform.cfm) (or the PDF version of the permission
request form for Royal Society of Chemistry material (/globalassets/05­journals­books­databases/journal­authors­reviewers/licenses­copyright­permissions/ag­gc­permission­request­
form­for­rsc­material.pdf)).
Requests are usually for use of a figure or diagram, but they may also be for use of the entire article or chapter. Requests to use individual figures or
diagrams are invariably granted. Permission for another publisher to print an entire Royal Society of Chemistry article or chapter may be granted in
special circumstances.
The permission form should only be used to request permission to reproduce material from Royal Society of Chemistry books, Chemistry World,
Education in Chemistry, and other non­journal publications of the Royal Society of Chemistry. For these requests please complete and send the form to
our publishing services team.
How to use the Copyright
Clearance Center
Advertisement
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JOHN WILEY AND SONS LICENSE
 TERMS AND CONDITIONS
Apr 25, 2019
 
This Agreement between University of South Florida -- Briana Aguila ("You") and John
Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms and
conditions provided by John Wiley and Sons and Copyright Clearance Center.
License Number 4576131437771
License date Apr 25, 2019
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Advanced Materials
Licensed Content Title Efficient Mercury Capture Using Functionalized Porous Organic
Polymer
Licensed Content Author Briana Aguila, Qi Sun, Jason A. Perman, et al
Licensed Content Date Jun 14, 2017
Licensed Content Volume 29
Licensed Content Issue 31
Licensed Content Pages 6
Type of use Dissertation/Thesis
Requestor type Author of this Wiley article
Format Print and electronic
Portion Full article
Will you be translating? No
Title of your thesis /
dissertation
Functional Porous Materials: Applications for Environmental
Sustainability
Expected completion date Jun 2019
Expected size (number of
pages)
130
Requestor Location University of South Florida
 4202 E Fowler Ave
  
 
TAMPA, FL 33620
 United States
 Attn: Briana Aguila
Publisher Tax ID EU826007151
Total 0.00 USD
Terms and Conditions
TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
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Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).
 
Terms and Conditions
 
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
  
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.
  
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
  
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
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OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 
  
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
  
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
  
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 
  
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
  
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
  
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
  
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
  
These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
  
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
  
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.
  
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
  
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
  
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
  
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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Other Terms and Conditions:
  
 
 
v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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JOHN WILEY AND SONS LICENSE
 TERMS AND CONDITIONS
Apr 25, 2019
 
This Agreement between University of South Florida -- Briana Aguila ("You") and John
Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms and
conditions provided by John Wiley and Sons and Copyright Clearance Center.
License Number 4576141135650
License date Apr 25, 2019
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Angewandte Chemie International Edition
Licensed Content Title Lower Activation Energy for Catalytic Reactions through Host–Guest
Cooperation within Metal–Organic Frameworks
Licensed Content Author Briana Aguila, Qi Sun, Xiaoliang Wang, et al
Licensed Content Date Jun 1, 2018
Licensed Content Volume 57
Licensed Content Issue 32
Licensed Content Pages 5
Type of use Dissertation/Thesis
Requestor type Author of this Wiley article
Format Print and electronic
Portion Full article
Will you be translating? No
Title of your thesis /
dissertation
Functional Porous Materials: Applications for Environmental
Sustainability
Expected completion date Jun 2019
Expected size (number of
pages)
130
Requestor Location University of South Florida
 4202 E Fowler Ave
  
 
TAMPA, FL 33620
 United States
 Attn: Briana Aguila
Publisher Tax ID EU826007151
Total 0.00 USD
Terms and Conditions
TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
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Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).
 
Terms and Conditions
 
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 
 
You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
  
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.
  
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
  
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
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OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 
  
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
  
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
  
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 
  
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 
  
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 
  
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
  
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
  
These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 
  
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
  
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.
  
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
  
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
  
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
  
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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Other Terms and Conditions:
  
 
 
v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
